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Abstract
DNA allows self-assembly of nanoscale units into three dimensional nanostruc-
tures with denite shape and size in elds such as nanoelectronics, metamaterials and
nanophotonics. Dierent DNA origami templates, such as: nanomold, nanosheet and
nanotube templates have been used to assemble gold nanoparticles, quantum dots
and semiconductor rods into nanowires and metal/semiconductor/metal heterostruc-
tures. Structures have been contacted using electron-beam lithography for electrical
conductance characterization at temperatures between 4.2 K and room temperature
has been performed.
A new concept has been introduced for the solution-based fabrication of gold
nanowires. To this end, DNA nanomolds have been employed, inside which electro-
less gold deposition is initiated by site-specically attached seeds. Using congurable
interfaces, individual mold elements self-assemble into micrometer-long mold struc-
tures. During subsequent internal gold deposition, the mold walls constrain the metal
growth, such that highly homogeneous nanowires are obtained. Gold nanowires have
also been manufactured in a C-shape using gold nanoparticles arranged in the de-
sired shape on a DNA origami nanosheet and enhanced to form a continuous wire
through electroless gold deposition.
Some sections of the DNA nanomoldtemplated wires show metallic conductance,
while other sections of the wires have a much higher resistance which is caused by
boundaries between gold grains. All C-shaped wires have been found to be resistive
showing hopping, thermionic and tunneling transport characteristics at dierent tem-
peratures. The dierent transport mechanisms indicate that the C-shaped nanowires
consist of metallic segments which are weakly coupled along the wire.
Two types of metal/semiconductor/metal heterostructures have been fabricated:
Metal/semiconductor-rod/metal using DNA nanomolds and metal/quantum-dot/me-
tal structures using DNA nanotube. AuNPs were assembled with high yield adjacent
to the semiconductor material using origami templates. After the assembly, the gold
nanoparticles were grown to produce continuous heterostructures. The inuence
of the incubation medium, time, buer, quantum dot and gold nanoparticle con-
centration on nanoparticle attachment yield was systematically investigated for the
nanotube templates. In addition to the determination of the self-assembled het-
erostructures' morphology, electrical properties were investigated to evaluate their
applicability nanoelectronic devices such as single electron transistors.
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Zusammenfassung
Desoxyribonukleinsäure (DNS) ermöglicht die Selbstorganisation von nanoskopischen
Elementen zu dreidimensionalen Einheiten mit vorgegebener Form, Zusammenset-
zung und Gröÿe wie sie in der Nanoelektronik, Nanophotonik und Metamaterialien
Verwendung nden. In dieser Arbeit werden DNS Origami Strukturen, in der Gestalt
von Nanoformen, Nanoblätchen und Nanoröhren, als Gerüste für den Aufbau von
Nanodrähten und Metall/Halbleiter/Metall-Heterostrukturen aus Goldnanoteilchen,
Halbleiterquantenpunkten und Halbleiterstäbchen verwendet. Die so hergestellten
Einheiten wurden mittels Elektronenstrahllithographie kontaktiert um ihre elektri-
sche Leitwerte zwischen 4.2 K und Raumtemperatur zu charakterisieren.
Ein neues Konzept für die lösungsbasierte Herstellung von leitenden Goldnano-
drähten mittels DNS-Templates wurde eingeführt: hierbei wurden DNS-Nanoformen
eingesetzt in denen positionsspezisch angedockte Goldkeime durch auÿenstromlo-
se Goldabscheidung wachsen. Durch kongurierbare Verbindungsstellen können sich
die einzelnen Formen zu mikrometerlangen Strukturen verbinden. Während der fol-
gendenden Abscheidung von Gold schränken die Wände der Gussformen über das
Wachstum so ein, dass sehr homogene Nanodrähte gewonnen werden können. Gold-
nanodrähte wurden auch C-förmig hergestellt indem Goldnanoteilchen in der ge-
wünschten Form auf DNS Origami-Nanoblättchen angeordnet und wiederum durch
auÿenstromlose Goldabscheidung zu durchgängigen Drähten vergröbert wurden.
Einige Abschnitte der DNS-Nanoform-geprägten Drähte zeigen metallische Leit-
fähigkeit, während andere durch Lücken zwischen den Goldkörnern deutlich höhe-
re Widerstände aufweisen. Alle hergestellten C-förmigen Nanodrähte stellten sich
als nicht-metallisch heraus, sie zeigten Eigenschaften von Hopping-, thermionischem
und Tunneltransport in Abhängigkeit von der Temperatur. Die Anwesenheit dieser
verschiedenen Transportmechanismen deutet darauf hin, dass die C-förmigen Nan-
odrähte aus metallischen Abschnitten bestehen welche aber nur schwach miteinander
verbunden sind.
Zwei verschiedene Metall/Halbleiter/Metall-Heterostrukturen wurden hergestellt:
Metall/Halbleiternanstäbchen/Metall-Strukturen mittels DNS-Nanoformen und Me-
tall/Quantenpunkt/Metall-Strukturen mittels DNS-Nanoröhren-Vorlagen Goldnano-
teilchen konnten durch die DNA templates mit hoher Ausbeute neben den Halblei-
terelementen platziert werden. Nach der erfolgter Anordnung wurden die Goldnano-
teilchen gewachsen um durchgängige Heterostrukturen zu erhalten. Die Einüsse des
iii
Inkubationsmediums und der -zeit, des Buers, sowie der Quantenpunkt- und Gold-
nanopartikelkonzentrationen auf die Abscheidungsezienz von Goldnanotailchen auf
DNS Nanoröhren wurden systematisch untersucht. Zusätzlich zur Bestimmung der
Morphologie der durch Selbstorganisation hergestellten Heterostrukturen, wurden
auch ihre elektrischen Eigenschaften im Hinblick auf ihre Anwendung in nanelektro-
nischen Bauelementen, wie Einzelelektronentransitoren untersucht.
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The human-way of manufacturing any structure consists of many interdependent
steps. It combines a continuum of techniques that go from imaginary representation
to a realized structure. The fabrication process is quite deterministic, it starts with
a blueprint that contains all information about positioning of the structural units
and manufacturing steps. Consider electronic device fabrication, for instance: the
fabrication of the simplest electronic product, a printed circuit board, involves many
steps from the board design generated with computer-aided design software through
to the nal step. Integrated circuit fabrication is more complicated steps due to
requirements of the smaller scales. In contrast, functionality and construction in
nature are based on a dierent principle. Systems in nature, all the way up, are con-
structed by simple instructions mostly encoded in the system itself. This process is
called self-assembly. Herein, nature presents a fascinating multifunctional approach
of information eciency. Self-assembly may be a way to construct an object using
minimal information which has been enclosed already in the components of the sys-
tem. The research question which is addressed in this dissertation is how electronic
devices can be produced by self-assembly in a one-pot synthesis.
The self-assembly and molecular selectivity of DNA may reduce the number of
steps required in electronic circuits fabrication in the terms of wiring, manipulating,
controlling and positioning at the nanoscale [28].
DNA templates can be used for a large number of applications ranging from sens-
ing technology to nanocomputers. The reason is ease of fabrication of nanostructures
of any complexity and the possibility for the controlled deposition and alignment of
the DNA structures on a substrate by molecular self-assembly. Single stranded and
double stranded DNA, DNA motif and DNA origami techniques were developed that
enable the self-assembly of programmable DNA structures with complex forms as
nanofabrication templates. Its physical and chemical properties make DNA the per-
fect candidate for use as interconnector down to dimensions on the order of 2 nm by
building metallic nanowires and linking them to various nanomaterials such as semi-
conductor quantum dots, metallic and magnetic nanoparticles. Using this scheme,
the manipulation of electrical and optical properties on the nanometer scale has been
demonstrated in various fascinating experiments [9,10]. For example, the uorescence
lifetime of a quantum dot could be tuned by coupling it to metal nanoparticles in a
well-dened geometry [11]. Moreover, voltage sensing was achieved by using voltage
1
sensitive DNA origami structures, which convert voltages into optical signals [12].
These examples show that the precise positioning of nanoscale particles opens up
promising possibilities for the interconversion of optical and electronic signals at the
nanoscale. This will make the development of true nano-optoelectronics possible.
The ability of DNA self-assembly to form large structures has so far not been
used for the fabrication of conducting networks. The main bottleneck in this context
is given by the poor conductivity of single stranded and double stranded DNA [13].
Thus, a major challenge for the development of optoelectronic circuits is the develop-
ment of conducting structures formed via DNA nanotechnology. First steps towards
this goal have been undertaken using metallized DNA nanostructures [14]. Once this
step has been successfully tackled, the further design of "integrated" circuits based
on DNA will be possible.
Electrical characterization of metallized DNA nanostructures has been performed
by either contacting them directly with electrodes [1428] or using scanning probe
microscopy [2932]. Careful studies of the conductance of the wires showed that
the resistivity is signicantly higher than purely metallic resistivity. This may in-
dicate that the growth mechanism, which leads to the formation of the nanowires,
causes granularity of the metal leading to increased charge carrier scattering in the
material [16, 33, 34]. The scope of this dissertation is employing the dierent DNA
origami structures as versatile templates to fabricate nanoelectronic components. To
this end, Au nanoparticles, CdSe/ZnS core-shell quantum dots, CdS semiconductor
rods are used in or on DNA origami nanomold, nanosheet and nanotube and the
nal structures are electrically characterized.
This dissertation is organized as follows. After a brief introduction, Chapter 2
gives the background information about the self-assembly properties and architec-
tures of DNA/DNA origami, accompanied by an extensive literature overview of
DNA-templated metal nanowire fabrication. The fundamentals of electronic trans-
port, literature overview of the electrical characterization for DNA-templated metal
nanowires, DNA-templated metamaterials and nally, single-electron transistors have
been introduced in this chapter.
In Chapter 3, a detailed description of the experimental procedure, i.e. substrate
preparation, preparation and functionalization of gold nanoparticles, quantum dot
and semiconductor rod, DNA origamis, DNA origami metallization and characteri-
zation methods employed is provided.
In Chapter 4 deals with the assembly and subsequent, structural and electrical
characterization of the DNA origamitemplated Au nanowire and metal/semiconduc-
tor heterojunction construction. In Section 4.1, DNA origami nanomold structures
have been employed to construct linear Au nanowires. Solution-based fabrication of
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long linear Au nanowires has been advanced with individual molds to self-assemble
into micrometer-long mold superstructures. Site-specically attached Au seeds in the
DNA origami nanomold initiate gold growth and mold walls constrain the growth.
Temperature-dependent electrical characterizations demonstrate that part of the
DNA-templated wires are metallic and conductance is limited by boundaries be-
tween the gold grains. In Section 4.2, metal/semiconductor heterostructures have
been fabricated by docking CdS nanorods between mold monomers or dimers. The
electrical characterization of these structures is described and discussed. Section 4.3
is devoted to experiments on C-shaped Au nanowire construction done by using DNA
origami nanosheet templates. The motivation of the work is to use self-assembled
C-shaped wires as components of a metamaterial based on split ring resonators.
Very small C-shape nanowires with a size below 150 nm have been fabricated using
DNA origami and electrodes for electrical characterization have been fabricated by
electron beam lithography. In the last Section 4.4, the results of preliminary exper-
iments to assemble CdSe/ZnS core-shell quantum dots with gold nanoparticles on
DNA origami nanotubes are presented.
The dissertation concludes with a summary of all results and gives an outlook for
the future research directions in the closing Chapter 5.
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2. Overview on DNA Nanotechnology
2.1. Basic Concepts of DNA
The DNA double helix consists of the chemical nucleobases adenine (A), guanine
(G), cytosine (C), thymine (T) deoxyribose sugars and phosphate groups. Nucle-
obases pair up as A and T or G and C to form units called base pairs bound through
hydrogen bridges [35]. DNA is known as biological material which has a function of
carrying the genetic code. Apart from its self-assembly properties, DNA molecule
has unique qualities such as robustness, programmability and chemical stability nec-
essary to build nanoscale devices. First, double stranded DNA (ds-DNA) which is
isolated from the bacteriophage lambda (λ-DNA) or from calf thymus has been in-
vestigated as a candidate for conductive wires. The rst experiments on electronic
transport through DNA nanostructures were performed under the assumption that
the π-stacking of the conjugated base pairs could give rise to conductivity. Wide
ranges of conductivities were reported by theoretical and experimental studies [36].
Finally, DNA molecules with a length of > 40 nm were observed to act as insula-
tors, but below this length conductance could be observed that can be related to the
base stacking of the ds-DNA. It has been demonstrated that stacks of CG-pairs act
as relatively well conducting links along the DNA, while AT-pairs rather resemble
tunneling barriers [37, 38]. It is, however, challenging to generate stable congura-
tions of DNA assemblies, which exceeding a length of a few nanometers, with stacks
of GC-pairs only. Therefore, all DNA nanostructures generated so far, are electri-
cally insulating. For the generation of nanostructures with electronic functionalities,
conducting materials need to be added to the DNA nanomaterials. Especially for
the creation of interconnects, the nanostructures need to be metallized for ohmic
conductivity.
The work described in this chapter was published in part as:
Bayrak, Turkan, Jagtap, Nagesh S and Erbe, Artur. Review of the Electrical Characterization
of Metallic Nanowires on DNA Templates. Int. J. Mol. Sci., 19(10), 3019, 2018.
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2.1.1. Nanoscale Dimensions
DNA is a marvellous nanometer-sized construction material for specically designed
and functionalized structures. DNA has 2 nm diameter bases and the distance be-
tween the bases is 3.4Å. The periodicity of the DNA double helices is ten nucleotide
pairs per turn, which corresponds to 3.5 nm.
2.2. Self-Assembled Architectures from DNA
In 1982 N.C. Seeman proposed the idea to produce arbitrary DNA nanostructures
from DNA motifs [40]. To this end, a four-arm DNA junction has been produced
by excluding sequence symmetry of chemically produced DNA [39], as shown in
Figure 2.1. And by joining a number of four-arm DNA junctions together and
adding single stranded sticky ends, 2D arrays has been achieved [41]. Later, double
crossover (DX) and triple crossover (TX) DNA molecules which is more sti than the
four-arm junction have been generated by interconnecting two or three DNA helices
at four specic design sites [42,43]. Subsequently, more complex 2D arrays which are
shown in Figure 2.2 a), b) and c) have been build. The original aim of Seeman was
to synthesize 3D structures just made of DNA molecules to use them as an articial
crystalline material. Finally in 2009, closed cubes and a truncated octahedron have
Figure 2.1.: The rst DNA motif, experimentally done by Ned Seeman and Neville
Kallenbach in 1982. The four-arm junction consists of four hexadecanu-
cleotides [39].
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been fabricated as the rst 3D DNA nanostructures.
In conclusion, it is possible to form a DNA in an arbitrary shape with DNA tile
templated assembly. However, it has several diculties such as low rigidity, the stoi-
chiometry of the strands being complex to control, and low assembly yield. In 2006,
a new assembly strategy has been established. Paul Rothemund has demonstrated
the production of diverse, well-dened and almost arbitrarily shaped DNA nanos-
tructures by folding a long ss-DNA scaold with the help of short staple strands [2].
The method is known as "DNA origami" and considered as an enormous discovery
in the eld of structural DNA nanotechnology. The beauty of the origami method is
that it provides versatile and a simple "one-pot" synthesis of desired DNA templates.
In the next section, brief introduction of the DNA origami method will be given.
2.3. DNA Origami: Nanomolds, Nanosheets and
Nanotubes
2.3.1. DNA Origami Method
DNA origami is a versatile and reliable method for synthesizing a large variety of
shapes of organic nanostructures. This method is based on folding a long ss-DNA
scaold into a desired shaped through the use of synthetic staple strands as a com-
plementary sequence. The process of this DNA origami design and folding is as
follows:
1. Geometric model and a folding path design.
2. Long single scaold (most commonly the M13mp18 (M13) circular genomic
virus) has been used with many staples which have been added to the scaf-
fold solution, as shown in Figure 2.3. The folding process takes place in a
salt containing buer. A suitable salt concentration, where the positive ions
compensate the electrostatic repulsion of the negatively charged DNA strands
and minimize the free energy of the system is required to keep the structure in
shape.
3. The solution was annealed at high temperature i.e. from 95 °C to 20 °C for
less than 2h, leading to the folding of the desired origami nanostructures. A
few examples, such as rectangle, smile face and star structures, are shown in
Figure 2.4 [2].
Nowadays, more complex and fully addressable defect free structures can be easily
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Figure 2.2.: AFM image of 2D DNA arrays of (a) three-point-star [44], (b) six-
point-star [45], and (c) Archimedean tiling [46] motifs fabricated with
the sticky end method. Base DNA elements are given as inset Figure in
frame.
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Figure 2.3.: DNA origami method. Shape of desired origami structure (right).
Schematic image of scaold (left up) and staple strands (left down) into
the shape [2, 47]
fabricated using articial DNA sequences with the help of sequence design programs
and computer modeling. The method does not require purication or consideration
of stoichiometric dependence of oligonucleotides. Another advantage of this method
is that any type of nanoparticles can be site-specically attached by functionalizing
the desired location at the structures either chemically or by extended staple strands
with additional nucleotides that serve as sticky ends for complementary sequences.
The DNA origami method provides an opportunity to utilize structures as templates
for the precise positioning of metal nanoparticles in the fabrication of self-assembled
metal nanowires, biosensors or plasmonic devices [4851].
Once the structures are ready, they were initially characterized with Atomic Force
Microscopy (AFM) on mica or Transmission Electron Microscopy (TEM). Mica is
mostly used to characterize the origamis with AFM because it does not need any
surface treatment prior the deposition and a low amount of salt containing buer
is enough for a high yield of origami attachment on the surface. However, it is not
compatible for nanoelectronic device fabrication.
In this dissertation, DNA origami:
1. Nanomolds for Au nanowires and selfassembled metal semiconductor het-
erostructures
2. Nanosheets for C-shaped Au nanowires with the motivation of split ring res-
onator construction
3. Nanotubes for selfassembled metal/semiconductor heterostructures
have been investigated.
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Figure 2.4.: DNA origami design and AFM images of the structures [2].
A brief introduction and literature survey for utilization about these three DNA
origami structures as a template are given below.
2.3.2. Nanomolds
A DNA origami mold is three a dimensional structure which provides conning walls
for an internal cavity. The internal cavity allows the synthesis of inorganic material
using a seed which is attached in the mold. Mold structures have been assembled by
folding staple strands and capture strands. Long single stranded viral genome with
various lengths (i.e. 73088100 nt depending on the design) and aided by multiple
strands [52, 53] have been used for the resulting DNA origami mold structures were
4050 nm in length. Subsequently, the mold has been used as template for the fab-
rication of bottom-up Au grown. To this end, mold monomers have been assembled
in a chain and site-specically attached gold nanoparticles (AuNPs) as seeds. Au
seeds have initiated Au growth as illustrated in Figure 2.5 a). The TEM images
show the shape of the resulting Au grown in Figure 2.5 b). This method provides
homogenous nanowires because gold growth has been controlled by the DNA mold
templates [52]. Solution-based material growth and chain formation of DNA origami
mold will inspire electronic circuit fabrication due to the controllable cavity size of
the mold structure which allows easy control of the attachment and growth.
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b)a)
Figure 2.5.: (a) The schematic representation of the nanowire synthesis using DNA
origami mold. (b) TEM images of site-specically attached AuNPs (left)
and AuNPs grown (right) within origami molds. The scale bars are
40 nm [52].
2.3.3. Nanosheets
The DNA origami square/rectangle, which is here called nanosheet, is one of the rst
2D designs made with the origami method [54]. The structures have been designed as
90 nm×70 nm, 70 nm×100 nm and 50 nm×50 nm. The DNA origami nanosheet has
been utilized rstly for single molecule detection experiment. The experiment have
shown the versatility of the origami method due to the nanometer scale precision
arrangements providing an opportunity for single molecular level detection [54].
The nanosheets are not only helpful for single molecular detection but also useful
to understand the self-attachment kinetics of nanoparticles (Figure 2.6). Binding ki-
netics between streptavidin coated quantum dots (Qdots) and biotinylated nanosheet
has been examined by site vacancy of binding, linker length, spacing of binding loca-
tion and incubation time. The dissociation constant of the nanosheet-Qdot mixture
has been found to be seven orders of magnitude larger than the native streptavidin-
500nm
Figure 2.6.: AFM images of quantum dot-decorated origami nanosheets. Origami
nanosheets are functionalized with biotin in specic locations [55].
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biotin interaction [55]. The experiments have shown four important conclusions
which can also be implementable for any kind of self-assembly nanoparticle DNA
manufacturing:
 Increasing the binding sites number at a specic binding location leads to
higher yield of nanoparticle attachment [55].
 Small spacing of binding sites result in poor placement precision due to the
steric hindrance eect [55].
 Reaction time increases with longer linkers [55].
 Attachment yield increases by incubation time, i.e. 60 to 180 minutes. How-
ever, longer incubation times (i.e. 900 minutes) may lead to lower attachment
at RT [55].
2.3.4. Nanotubes
A six-helix bundles DNA nanotube (6HB) is a 3D structure. Apart from the DNA
origami nanomold, it has no cavity inside. Good stability the 6HB structures in
dierent buer conditions make the 6HB templates more attractive for dierent ap-
plications than others such as photonic, nanoelectronic and biomedical research [56].
This is explained by the exibility (by means of stiness) of the 6HB for com-
pensating electrostatic repulsions between helices which may allow more formation
changes. Dierent DNA nanotube formations may functionalize by adding additional
sequences, biotin, dye molecules or proteins in a programmable array on the structure
to be decorated with Qdots [57] (Figure 2.7 a)), Au [58, 59] (Figure 2.7 b)), Ag [60]
nanoparticles or nanorods [61] from nanoelectronic to biomedical applications.
2.4. DNA/DNA OrigamiTemplated Metallic Nanowire
Fabrication
In this section, a DNA as a templating material for metal nanoparticle building
blocks, utilizing it to form metallic nanowires is presented. In principle there are two
reasons to use a DNA for metal nanowire construction:
1. DNA has a sequence-encoded structure. It has specic interactions between
the complementary DNA strands. Thus, DNA-templated structures can be
used as a small interconnects into the specic locations.
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a)                                                 b)
Figure 2.7.: (a) Schematic explanation and AFM image (below) of attached strep-
tavidin functionalized Qdot on biotinated 6HB DNA origami [57]. (b)
Schematic explanation and SEM images (below) of AuNPs with dierent
dimensions are assembled on 6HB for waveguide applications. The inset
scale bars are 100 nm. The scale bar is 500 nm [58].
2. DNA might provide programmable and controllable synthesis of inorganic ma-
terials. For instance, metal and semiconductor material can be assembled or
synthesised in the same DNA templates by controlling the shape of material.
There are three types of DNA metallization mechanisms are noted:
1. Activation by metal ions and subsequent metallization: DNA structures are
activated by ions and metallized on their entire surface [16,18,21,2931] .
2. Metallization with a physical vapor deposition (PVD) method: a suspended
DNA is used for metal deposition by the PVD method [24,62].
3. Placement of metal nanoparticles: DNA is used for assembly of metal nanopar-
ticles and grow metal in the area where nanoparticles are located.
The resistance values and structural properties of DNA/DNA origami-templated
nanowires, which have been fabricated using dierent methods are given above, have
also been summarized in Table 2.1. The scope of the dissertation is utilizing AuNPs
instead of using metal ions as catalysts or PVD on DNA origami structures for
metallic nanowire construction. Due to this, a literature overview of the placement
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of metallic nanoparticles on DNA templates has been discussed here. In this method,
nanoparticles can self-assemble into various structures by the interaction of functional
groups, which are attached to their surface, with either the surface of other nanopar-
ticles or a functionalized substrate. RNA or ss-DNA fragments can be used for the
surface functionalization of the particles; the complementarity of these fragments
with fragments on other nanoparticles or on, e.g., a DNA nanostructure placed on a
surface leads to the arrangement of the nanoparticles by self-organization [58,59,63].
Typically, such self-organized metal structures need to be further treated in order
to yield conducting nanostructures. For example, pyridine-modied AuNPs have
been assembled on the negatively charged backbone of ds-DNA templates. In or-
der to form continuous and conductive Au nanowires (AuNWs) on a substrate, the
SiO2 substrate was treated with O2 plasma for ds-DNA immobilization on the sur-
face. Then, pyridine-modied AuNPs was deposited on the substrate and as a nal
step, AuNPs were enlarged by electroless deposition to form continuous wires [22].
However, TEM image in Figure 2.8 shows that the DNA templates were still not
fully metallized by following this protocol. This brings the conclusion that the nal
construction yield of the DNA-templated metallic nanowires may depend on three
factors: DNA/DNA origami templates, metal nanoparticle attachment yield and
metal growth.
Figure 2.8.: TEM images show DNA templates were partially metallized by AuNPs.
The gaps between AuNPs can be clearly seen by inset image [22].
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Table 2.1.: Summary of resistance values and construction properties of DNA-templated metal nanowires [64]. (NP: Nanopar-
ticle, NA: Not Available, RT: Room Temperature, TX: Triple-Crossover, AFM: Atomic Force Microscopy, TMS:
Tetramethylsilane, PDMS: Polydimethylsiloxane, THP: Negatively charged tris, CC: Circular Circuit, EBL: Elec-
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2.4.1. DNA/DNA Origami Templates
DNA, especially DNA origami templates, should be well formed, rigid (on the surface
of SiO2/Si/mica or any other surfaces) and stable after the particle attachment. High
attachment yield of metal seeds on DNA/DNA origami is required for the formation
of uniform, electrically conducting NWs.
2.4.2. Metal Nanoparticle Attachment Yield
Clustering formation of the nanoparticles (steric hindrance), Coulomb interaction of
nanoparticles (electrostatic repulsion), binding energy and individual nanoparticles
bridging various binding sites (site-bridging) are noted to be the main challenges
for the particle assembly onto DNA templates [69]. To overcome these eects, the
attachment probability of AuNPs on DNA origami with dierent numbers of binding
sites, capture strands and sequences of the capture strands have been tested [69].
Experimental results have shown that the attachment probability does not depend on
the sequences of the capture strands, which means that the binding energy is sequence
independent. However, the attachment probability increased with the amount of
capture strands per binding sites.
High-density nanoparticle assembly on DNA origami templates can be achieved
by carefully controlling the concentration of MgCI2 in buer, the concentration of
nanoparticles, and the hybridization time [48,66,70]. The presented wires are merely
to be seen as a proof of principle for the self-assembly of metallic nanostructures. In
order to fabricate reliable structures, mainly the metallization process needs to be
further improved.
2.4.3. Metal Growth
The metal seeding and growth can be performed both in solution or on a surface,
where the DNA is already put in place for later electrical characterization. Metal-
lization, which is formed inside the solution, is expected to yield more homogeneous
layers than metallization of DNA on the substrate. A demonstration of this eect
was given by doping the DNA with metal cations, which was done by mixing aqueous
solutions of ds-DNA and metal salts [18].
After the initial placement of the metal nanoparticles, they need to be further
grown along the DNA nanostructure in order to form a continuous layer. A variety
of methods exists for this step, which are based on:
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 Chemical reduction (electroless plating)
 Photoreduction [71]
 Electrochemical reduction [72]
For the metallically conductive nanowire construction from the DNA nanostruc-
tures, mostly electroless plating was used for the amplication of metal nanoparticles.
This method is a catalytic process used for metal growth without the application of
an external electric potential [73]. It is a redox reaction which is suitable for both
conducting and insulating materials. To start the process, a catalytic surface or
nucleation sites are required. The main step in electroless plating consists in the
reduction of a metal ion at the position of a seed. The number and density of the
seeds determines the size and the quality of the metal layers. In this process, DNA-
templated metallic structures were formed using reducing agents for the conversion
of Metal(II) to Metal, for instance Cu(II) to Cu, also leading to subsequent growth
of the metallic structures on the seeds. Metal(II) concentrations resulted in the for-
mation of dense networks due to association of the metal cations to the DNA causing
eective charge neutralization of the DNA's polyanionic phosphodiester backbone.
The outcome of this charge neutralization was minimization of the repulsive electro-
static forces between DNA molecules. However, lower Metal(II) concentration was
insucient to promote aggregation forming more distinct 1D structures. By control-
ling the reaction conditions, relatively smooth and continuous metal coating around
DNA could be produced [30].
The main disadvantage is given by the fact that the metal growth is not fully
limited to growth on the DNA nanostructures. And the speed of the metal growth
is dicult to control. Therefore, for an improved protocol of the growth, a better
understanding of the process itself is mandatory. During the growth of material on
the DNA template, the surface tension of the metal and the line energy caused by the
adhesion of the metal to the DNA template are competing. A model based on these
energies has been used to derive that a low reaction stoichiometry leads to uniformly
coated DNA templates rather than to the formation of isolated particles [74]. In
addition, an expansion of this model towards an implementation of the reaction
kinetics has shown that for the formation of smooth nanowires sucient annealing
times have to be provided [74]. The models explain that experimentally observed
nanowires formed by electrochemical amplication of nanoparticles tend to form
chains of nanoparticles and thus yield comparably low conductance values [33].
Electroless plating mostly provides isotropic growth. It is, however, possible to
achieve anisotropic growth of gold nanorod seeds immobilized on a DNA origami [67].
In order to achieve this, a surfactant is added to the nanorod solution, which pref-
erentially attaches to the 〈1 1 0〉 facets of the nanorods. The nanorods are oriented
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such that the 〈1 0 0〉 facets face each other, while the 〈1 1 0〉 facets are preferentially
at the sides of the nanorods. Using this method, growth of the plating preferen-
tially occurs in between the nanorods, while it is suppressed perpendicularly to this
direction [67,68].
The placement of metal nanoparticles on DNA structures have been extensively
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Figure 2.9.: (a) 1. DNA origami nanotube with attached AuNPs [33]. 2. Au nanorod
attached to DNA origami nanosheet and subsequently enhanced [67].
(b) Various DNA-templated Au nanowires contacted by electron beam
lithography. (1) DNA nanotubes metallized using functionalized AuNPs
as seeds [33]; (2) Nanowires metallized by anisotropic growth of Au along
Au nanorods [67].
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nanoparticles to continuous nanowires, precise positioning and immobilization of
highly ordered DNA nanowires on solid substrates remain challenging. In 2012, the
rst verication of increased conductance of a linear assembly of AuNPs on T-shaped
DNA origami was achieved by using AuNPs with a diameter of 7.6 nm, which were
functionalized with thiolated DNA sequences. The nanoparticles were self-assembled
via extended staple strands on the T-shaped DNA origami in solution [34]. After de-
signing T-shaped structures, linear and circular circuit (CC)-shaped nanowires were
fabricated with the DNA origami nanotube, nanopillar and nanomold structures. Pd
seeds were used to modify the origami and continuous CC-shaped metal nanowires
were formed by electroless Cu deposition [66]. Following, 6HB DNA origami nan-
otubes were used as templates for AuNP assembly. 6HB DNA origami and citrate
stabilized AuNPs were functionalized with ss-DNA sequences. An Au plating solu-
tion was used to enhance the size of the AuNPs after 10 min to 20 min incubation at
RT to homogeneous Au wires along the DNA origami nanotubes [33], as shown in
schematic image in Figure 2.9 a1) and SEM images in Figure 2.9 b1).
In the mean time, some alternative processes for the formation of well-ordered
homogeneous DNA nanowires has been tried, such as ow-enabled self-assembly
process [20]. This process provides arrays of high density long nanowires. Nanowires
could be fabricated over a length of 1.5 mm on a at substrate. Improvement of
metallization has been observed using Au rods with a length of 25 nm were used as
seeds instead of the spherical AuNPs. It reduces the number of connection points
along the linear DNA template and to improve the control of the width of the wires,
as shown in schematic image in Figure 2.9 a2). And SEM images of the wire between
the contacts are given in Figure 2.9 b2) [67]. The incubation time for seeding of the
Au rods on the origami structures was in the range of 10 min to 1 h at RT. Finally,
the plating solution (a mixture of HAuCI4, CTAB, AgNO3, HCI, and ascorbic acid)
was dropped on the surface for further reducing the gaps to fabricate homogeneous
AuNWs. A reduction of the gap size was observed with long seeding times (1 h) [67,
68].
2.5. Electron Transport Mechanisms of DNA-Templated
Metallic Nanowires
DNA-templated metallic nanowires are produced with metal ions or metal nanopar-
ticles as seeds, as discussed in the previous sections. Subsequently, electroless de-
position is used to enlarge the seeds to form continuous wires. The diculty of the
growth process from metal seeds is created by the fact that it yields grainy chains or
non-homogeneous metallic wires. Hence, granular metal models for charge transport




Once metallic nanoparticles are merged to each other, the nanostructures exhibit
metallic behavior and the charge transport can be described by the "Drude model".
According to this classical model, valance electrons are free to travel through the






N , q, τ and m are the density of electrons, elementary charge, mean scattering time
between two collisions, and the mass of the electron, respectively.
Although the classical approach of electrical conductivity provides some aspects
of the conductivities of metals reasonably well, the approach fails to describe scat-
tering in metals. Therefore, the case of the nanoparticles not being fully merged or
weakly coupled can not be understand within the Drude model. In this case, multiple
transport phenomena such as quantum tunneling or quantum connement might be
relevant [33]. Interesting charge transport phenomena occur when metalinsulator
interfaces are present. The measurement conditions, such as temperature, applied
electric eld or arrangements of AuNPs might aect the electrical properties. Var-
ious types of charge transport behavior can be observed in DNA-templated metal-
lic nanowires: direct tunneling, Fowler-Nordheim tunneling, hopping conduction,
thermionic emission or Coulomb blockade. These mechanisms will be introduced
below.
Direct Tunneling
The wave nature of the electron allows it to penetrate the potential barrier at a
metalinsulator interface in case the energy of the electron is less than the barrier
height. At low voltages the tunneling probability (P ) decays exponentially with the
barrier thickness, as given in [75]:∣∣P 2∣∣ ∝ exp(−2κL) (2.2)






where U is the average barrier height and ~ is Planck's constant.
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where V is the voltage and U is the barrier height.
As can be seen in equations (2.2) and (2.4), tunneling probability and current
density are not temperature dependent. However, they depend linearly on voltage.
The estimation of the barrier height from the current density is rather dicult in
multi-particle assembly systems because the gap between the nanoparticles cannot be
measured accurately. Figure 2.10 a) shows energy diagram of a junction composed of
two metal electrodes. When V = 0, electrons tunneling between the electrodes come
across a potential energy barrier whose height is represented by U [75, 76]. When
the V > 0 in Figure 2.10 b), the electron fermi energy is decreasing and electrons
can tunnel between the electrodes.
FowlerNordheim Tunneling
When high bias voltages are applied, the conduction barrier might change from
rectangular to a triangular shape [77]. This decreases the cross-section of the barrier
which electrons have to traverse to reach the conduction band. This is illustrated in
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Figure 2.10.: Energy diagrams for a tunnel junction composed of two electrodes
at (a) V = 0, (b) Direct tunneling: V > 0 and (c) F-N tunneling:
V >> 0, the potential barrier is narrow. Red arrows represent electron
tunneling from electrode 1 to 2.
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Figure 2.11.: Semiconductor nanoparticle (NP) is attached to two metal electrodes
via tunnel junctions [75].
(F-N) tunneling and the current density is calculated as:







where q is the elementary charge and the barrier height U can be extracted from
the slope of ln J
V 2
versus V −1. Transition voltages where the transport mecha-
nism changes to F-N tunneling can be determined from an ln J
V 2
versus V −1 plot
as well [79].
Single Electron Tunneling and Coulomb Blockade
Another voltage dependent charge transport is Coulomb blockade. A typical single
electron tunneling (SET) device consists of a single electron island such as a semicon-
ductor quantum dot or metallic nanoparticle, two tunnel junctions, and source and
drain electrodes [80]. The two main processes that take place in the SET device are
Coulomb blockade and single electron tunneling. The equivalent circuit (Figure 2.11)
sketches a double tunnel junction system formed by a nanoparticle between two elec-
trodes [75]. Each junction j (j = 1, 2) is dened as a parallel circuit of resistance Rj
and a capacitance Cj . The tunnel junction behaves as a capacitor and the tunnel
junctions works as a dielectric medium for tunnel capacitor Cj and the tunneling Rj
should be >> ~q2 = 25.8 kΩ [81]. In such devices, the small size of the island causes





where C is the total capacitance of the island and the two tunnel junctions. If this
energy is larger than the thermal activations (kBT << Ec, kBT=25 meV, T is the
temperature, kB is the Boltzmann constant) only one electron can charge the island
at a time [82]. This gives rise to a phenomenon called Coulomb blockade which






Figure 2.12.: Rough sketch of energy band diagrams of electron tunneling showing
the blocked regime (left panel) and the charging of the single electron
current (right panel) [82].
The required threshold voltage to overcome the Coulomb blockade and drive a





The schematic illustration shows (Figure 2.12) energy diagrams for a double-tunnel
junction system. Each multiple of the threshold voltage applied allows one more
electron to pass through the device simultaneously, thus the current-voltage (IV )
characteristics of the asymmetric (when C2/C1 and R2/R1 deviates from 1, symmet-
ric case: C2/C1 and R2/R1 = 1) devices will be a staircase called Coulomb stairs as
given in Figure 2.13.
Voltage (q/2C)












Figure 2.13.: IV curve of a single electron device. The current increases as Coulomb
staircase by applied voltages for asymmetric tunnel barriers [80].
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Hopping Conduction
The charge transport mechanism is not only voltage dependent but thermally ac-
tivated charge carriers also add to the conductivity of the nanoparticle assemblies.
An alternative conduction path for charge carriers in a nanowire may be provided
by unoccupied states of localized energy levels. Localized energy levels do not de-
generate and thermally activated electrons can jump from one unoccupied state to
another. The conductivity and thus carrier mobility can not be explained by the
Drude model for such nanoparticle assemblies at high temperatures. Conductance












T0 is constant and Ea is the activation energy for electrons and v is in the range of
0 to 1. Ea might be determined by the slope of plotting the natural logarithm of
the conductance ln(G) versus inverse temperature (T−1) [8385]. If the G versus T
relationship in a nanoparticle assembly system shows an Arrhenius behavior (v = 1),
then nearest-neighbor hopping can be taking place. However, the hopping distance
varies with temperature, thus hopping is not necessary to only happen in nearest
site. This being observed in the deviated curve from the Arrhenius behavior (i.e.
v = 1/2), variable-range hopping dominates the charge transport [75].
Thermionic (Schottky) Emission
Another temperature-dependent charge transport mechanism is thermionic emission.
In this charge transport, charge redistribution in the metalinsulator interface causes
a distortion of the energy bands [76,77]. The thermally excited electrons in the Fermi
level (EF ) of solids have enough energy to overcome the distorted potential barrier to
get into the conduction band, shown in Figure 2.14 a). The temperature dependent
current density is given as [76,77]:
J ∝ T 2 exp[−






The thermionic emission plot of ln J
T 2
versus T−1 is expected to be linear [79].
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PooleFrenkel Eect
Another tunneling mechanism called the PooleFrenkel eect applies at impurity
centers of the solid, illustrated in Figure 2.14 b) [78]. It is caused by an emission
of trapped electrons into the conduction band. The electron contribution from the
traps is through thermal excitation. The term is similar to that of the thermionic
emission for trap states which have a Coulomb potentials. However, the height of























Figure 2.14.: (a) Schottky emission: an electron mobilized from the Fermi level
from metal into the conduction band of an solid [78] and note that the
crucial factor is the barrier height, not the shape of the barrier [77].
(b) PooleFrenkel eect: emission occurs on impurity centres.
2.5.1. Lithographically Dened Contacts and IV Measurements of
the DNA-Templated Metal Wires
Lithography is a way to fabricate contacts to electrically characterize the self-assembled
nanowires. Another way to is Atomic Force Microscopy based methods which is not
scope of this thesis.
Lithographically dened contacts on DNA-templated wires can be categorized
into ve groups:
1. Nanowires specically placed between the functionalized contact pads.
2. Nanowires can be caught by contact pads randomly.
3. Nanowires trapped by dielectrophoresis between the contact pads.
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4. Suspended nanowires are formed by positioning them on top of metal contacts.
5. Rolling circle amplication stretches nanowires across the gap between two
electrodes.
Nanowires specically attached between the randomly distributed contact pads
In this method, DNA structures have been bound to metal electrodes via sulphur-
gold bonds before the metallization start. Metallization was done by Ag ions depo-
sition on DNA double helices [14]. SEM image of the Ag nanowire between contacts
is shown in Figure 2.15 a). Two-terminal IV measurements showed strong non-
linear characteristics with a current suppression around zero bias and a hysteresis
(Figure 2.15 b)). While the gap around zero bias may be attributed to Coulomb
blockade caused by the grainy structure of the wires, the hysteresis is more likely
caused by electrochemical processes related to corrosion of the Ag nanoparticles.
Dierential resistance values were found in the range of 7 MΩ to 30 MΩ, and could
be aected by the size to which the Ag nanoparticles were grown.
In another way, AuNPs were functionalized with complementary RNA sequences
to assemble a chain formation instead of utilizing them on DNA template, as given
in schematic Figure 2.16 a). Using sequential assembly of nanoparticles, array of
AuNPs has been formed between metal electrodes that are shown in Figure 2.16
a)                                                               b)
Figure 2.15.: (a) SEM images of Ag wire. (b) IV curves of the wires that were
created by activation and subsequent electroless deposition [14].
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b). The temperature-dependent measurements of the IV characteristics, shown
in Figure 2.16 c) indicate thermally activated transport by hopping, and activation
energy has been found 0.29 eV [63].
Nanowires can be caught by contact pads randomly
Dierent then the specic attachment of DNA between metal contacts, in this
method, metal coated DNA were deposited randomly on large metal electrodes de-
ned by lithography. Figure 2.17 a) shows the SEM images of Pd-coated DNA
double-strands were deposited on large Au electrodes. Through chemical amplica-
tion of the Pd layers, continuous metal coatings of thickness in the range of 20 nm
to 40 nm have been achieved [16, 86]. Wires deposited without further treatment
showed linear IV characteristics, see Figure 2.17 b), with resistance values in the
range of 5 kΩ, which were attributed to contact resistance. This contact resistance
could be substantially reduced by depositing electron beam induced carbon lines on
top of the nanowires on the Au pads. This leads to a pinning down of the nanowires
to the contacts and an improved contact between wire and electrode. As a result, the
overall resistance dropped to values below 1 kΩ [16,86]. Another DNA-templated Pd
nanowires contacted with Au electrodes on SiO2 surfaces were measured at various
temperatures and showed hints of the grainy structure of Pd generated via Pd re-
duction. The RT resistance of a single nanowire was on the order of 800 GΩ at 10 V.
Temperature-dependent measurements in a range from 150 K to 300 K showed an
increase of the resistance with decreasing temperature, clearly deviating from purely
metallic wires [15].
Following, Au and Ag nanowires were electrically characterized. Figure 2.18 a)
shows SEM image of Au wires between Au contacts. Ensembles of DNA double
strands, which were decorated with pyridine-stabilized Au nanoparticles showed lin-
ear IV behavior at room temperature, as shown in Figure 2.18 b) in small bias volt-
ages. The resistance of these wires was on the order of 100 kΩ and decreased with
increasing times of the enhancement of the Au nanoparticles. In these measure-
ments, the contribution of the contact resistance could not be quantied [22]. Ag
nanowires with a length up to 7 µm, which were generated using electroless chemical
deposition on λ and synthetic DNA, were contacted using lithographically dened
Cr/Au electrodes. Resistance values were measured by application of a bias voltage
above 3 V to values below 1 kΩ. It can be assumed that an oxide or contamination
layer, which has formed on the Ag nanowire, is destroyed by the applied voltage. The
temperature-dependent IV measurements of the voltage-treated samples conrmed
metallic conductance [18].
Several other works implemented similar strategies and obtained comparable re-




Figure 2.16.: (a) RNA-functionalized NPs for the fabrication of conducting NWs.
The illustration shows the sequential assembly of AuNPs, and the
controlled assembly of AuNP clusters connected to electrodes through
RNARNA interactions. E1 and G2 are RNA hairpin molecules which
interact through loop-receptor interactions L1R1 and L2R2. GX is
a control RNA. (b) TEM/SEM images of clusters of AuNPs bound
together via RNA functionalization and contacted by electron beam
lithography (bottom right image). (c) Array of AuNPs, which was
formed by connections between RNA-functionalized Au nanoparticles
showing thermally activated charge transport. IV curves at high tem-
peratures are linear, however at 130 K (inset Figure c)) characteristics
are compatible with single electron phenomena [63].
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is that many wires are located parallel between the electrodes and charge transport
characteristics of an individual nanowire is dicult extract from the IV measure-
ments.
Nanowires trapped by dielectrophoresis between the contact pads
Dielectrophoresis is a phenomenon which describe as the motion of an electrically po-
larizable particle caused by polarization eects in a non-uniform electric eld [87,88].
This phenomenon were utilized to trap TX-DNA tiles decorated with Au nanopar-
ticles between lithographically dened Au electrodes. IV measurements were per-
formed after the AuNP assembly and again after the amplication of the size of
the AuNPs. As-deposited samples showed insulating behavior due to the large gaps
between the AuNPs. After the chemical enhancement of the Au nanoparticles, a
Coulomb blockade was observed in the IV curves with charging energies ranging
from 0.25 eV to 2 eV. In particular, the large charging energies above 1 eV could not
be related to the size of the nanoparticles. Therefore, a contribution of the grainy
structure of the grown metal could not be excluded. Transport at low tempera-
tures showed a decrease in noise due to the reduction of thermal uctuations; the
remaining switching noise, however, indicated the presence of charging noise in the
underlying scaold [26].
b)a)
Figure 2.17.: (a) SEM image of the Pd nanowires is shown. (b) IV curve of the
wire is shown in [16].
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a) b)
Figure 2.18.: (a) Show SEM images of ds-DNA templated Au wires. (b) Shows IV
curves of the nanowires [22].
Suspended nanowires are formed by positioning them on metal contacts on top
Contacts to suspended DNA nanostructures were formed by positioning them on
insulating pillars with metal contacts on top. These structures could be individually
contacted using a microprober and electrically characterized. Metallization of the
wires was done by using PVD methods. The charge transport mechanism of two
individual wires (300 nm and 80 nm in diameter), which formed a bridge-like struc-
ture in between neighboring pillars, have been investigated. Ohmic behavior for low
bias (at 10 mV) with 30Ω and 140Ω for thick and thin nanowires, respectively,
was found to further increase the voltage, saturate the measured current, and nally
reaching the breakdown for the thin wire. SEM images of DNA bridges are shown
in Figure 2.19 a), and the resulting IV measurements can be seen in Figure 2.19
b) [24]. Suspended nanowires, which were attached to lithographically dened Au
electrodes by DNA combing during drying of the solvent, were characterized after
deposition of Au layers. The resistance depends strongly on the resulting thickness
of the wire after evaporation and was found to be, e.g. 7.7Ω and 44.3Ω for 80 nm
and 20 nm to 40 nm width, respectively [23].
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a) b)
Figure 2.19.: (a) SEM images of suspended nanowires were metallized by e-beam
Au evaporation. (b) Shows linear IV curves at low bias prove the
feasibility of Au coated DNA NWs for electrical circuits [24].
Rolling circle amplication stretches nanowires across the gap between two
electrodes
In order to detect genomic DNA from E. coli, ss-DNA could be built on an electrode
and extended using rolling circle amplication (RCA). Using a variant of molecu-
lar combing, the resulting DNA strand was stretched between two electrodes with
a separation of 5µm and subsequently metallized by AuNPs, which were function-
alized with complementary DNA fragments. The nanoparticles were amplied by
either Ag(I) or Au(III) solutions and formed nanowires of 100 nm to 300 nm width.
These wires were electrically characterized and showed a resistance in the kΩ (Ag)
or Ω (Au) range [89].
In a dierent approach, a porous polycarbonate membrane, metallized on both
sides was used to stretch long DNA oligonucleotides through the pores. These
oligonucleotides were decorated with AuNPs, which were functionalized with comple-
mentary strands. Subsequent amplication of the metals led to metallic nanowires,
which were electrically characterized by contacting both sides of the membrane. The
resistance depend on the amplication time of the nanoparticles and dropped to 10Ω
for times longer than 45 min [25].
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2.5.2. Lithographically Dened Contacts and IV Measurements of
the DNA OrigamiTemplated Metal Nanowires
In this subsection, a literature overview on the IV characterization of self-assembled
metallic nanowires based on DNA origami templates is given. Literature results give a
conclusion that there were not any real measurement with good metallic conductivity.
The motivation of the thesis is starting with the question of that whether we can
build fully metallic nanowires by using a DNA template and the prober contacts can
be fabricated to understand electron transport properties of nanowires. According
to the literature, contacts on DNA origamitemplated wires can be categorized here
as follows:
1. Randomly distributed contacts are fabricated by Electron beam lithography
(EBL).
2. Contacts on recorded locations of the nanowires by EBL.
3. Electrodes fabrication by focused ion beam deposition.
4. Electron beam induced deposition of electrodes.
Randomly distributed contacts are fabricated by EBL
Metallized DNA origami structures are typically fabricated on an insulating sub-
strate, leading to a random distribution of nanowires on the surface. Contacts to
the nanowires can be created by using nger-like metallic electrodes deposited on a
substrate without alignment [34,66,67]. Dierent shape of DNA origamitemplated
wires have been investigated with this method.
CC-shaped, T-shaped and line-shape structures fabricated with metal nanopar-
ticles which have been attached on top of origami structures. Two-terminal IV
measurements showed that the resistance of dierent numbers of CC-shaped AuNWs
placed between electrode pairs was in the range from 1 kΩ to 5 kΩ. CC-shaped Cu
metallized wires showed relatively high resistances in the range of 40 kΩ to 1 MΩ for
single bridge CC-shaped wires in between Au electrodes [66]. IV measurements on
T-shaped origami structures decorated with Au nanoparticles obtained resistances
in the range of 1.5 kΩ to 2.3 kΩ [34]. Instead of using metal seeds or spherical
AuNPs on modied origami structures, the attachment of Au-rods and subsequent
anisotropic electroless deposition has been used to improve metallization by reducing
the gap size between the AuNPs. The SEM images of the structure between the gold
electrodes are given in Figure 2.20 a).
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Resistance values of these wires were in the range of 0.44 kΩ to 20 kΩ. However,
a few wires were very resistive from 605 kΩ to 37 MΩ [67,90]. IV curve is given in
Figure 2.20 b).
The recorded locations of the nanowires and place electrical contacts by EBL
on the nanowires
In order to select individual nanowires and connect them to metallic electrodes, a
method using of EBL process has been developed [1,33]. In this EBL method, parallel
arrays of alignment marks have been patterned. Subsequently, SEM image has been
taken to register the coordinates of the nanowire. The last step, the registered
location of the nanowire has been used to obtain the correct e-beam exposure position
to pattern contacts. This method provide a fabrication of metal contacts with high
accuracy in small distances.
AuNWs based on 6HB (SEM images are given in Figure 2.21 a)) were contacted
using the method. Electrical measurements have been performed by using two-
terminal IV measurements from the temperature range from 4.2 to 300 K. The
resulting IV curves are shown in Figure 2.21 b). Resistance values were in the
range between 100 MΩ to 2.8 GΩ at RT and 4 K, respectively. The conductance
was observed to decrease as a function of temperature. The temperature dependence











Figure 2.20.: (a) SEM image of nanowire metallized by anisotropic growth of Au
along Au nanorods. (b) Anisotropic nanorod growth of nanowires with
resistances lower than 2 kΩ [67].
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thermionic emission at intermediate temperatures and tunneling at low temperatures.
Activation energies at high temperatures have been derived to be between 20 meV
and 70 meV [33].
Electrodes fabrication by using focused ion beam deposition
Pillars of Au nanoparticles of diverse sizes were created by DNA-directed program-
mable stacking into layer by layer DNA origami. For the investigation of potential
charge transfer applications, a (3 + 3) pillar structure was deposited on SiO2 and
the Au nanoparticles were enhanced by electroless deposition. Platinum electrodes
from the nanopillars to gold contact pads were fabricated by using focused ion beam
(FIB) deposition. IV measurements of nanopillars and bare SiO2 as control sample
were performed in a high voltages range from −10 V to 10 V. The IV curves were
non-linear with I proportional to V 3 [28].
a) b)
Figure 2.21.: (a) SEM images of DNA nanotubes metallized using functionalized
AuNPs as seeds. (b) Temperature-dependent electrical characteriza-
tion shows resistive wires indicates the presence of small gaps between
grown AuNPs [33].
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Electron beam induced deposited electrodes
Electron beam induced deposition has been utilized to fabricate four point contacts
on small DNA origamitemplated AuNWs. Four point electrical measurements have
been performed on AuNWs to eliminate contact resistance. The DNA origami tem-
plates were chosen 70 nm x 90 nm DNA origami tiles and the nanowires (130 nm
in length) were contacted Pt electrodes. The resistances of the AuNWs have been
measured in the range of 0.2 MΩ to 273 MΩ and 5.58 kΩ to 11.7 MΩ for two point
and four point probe measurements, respectively [68].
2.6. Applications
In this section, two possible applications using DNA origami nanomold, nanosheet,
nanotube templates will be discussed.
2.6.1. Introduction to Metamaterials: DNA-Templated Metamaterial
Fabrication
Metamaterials are articial materials with electromagnetic properties that do not
exist in nature. In 1968, "a hypothetical material" which was pondered simultane-
ously negative electrical permittivity (ε) and magnetic permeability (µ) as a result
of the interaction with light was oered [91]. Complete control of light in metamate-
rial requires to control magnetic and electric components of light as electromagnetic
wave. Maxwell's Equations formulate the relation between electromagnetic eld and
the resulting response of material [92].
One of the result of the Maxwell`s equations which are related to the refractive
index of the material is described as:
n = (µε)1/2 (2.10)
Value of n is positive positive for natural materials. The induced polarization is
very large when frequencies are near the resonance frequencies of the material. With
large induced polarization, an extensive energy is stored in the resonator that even
changing the sign of the applied electric eld has little eect on the polarization near
resonance [93,94]. Frequency dispersion of the driving electric eld on the resonance
give rise to a negative electrical permittivity and a magnetic permeability response
for the material. Thus, ε and µ will vary as a function of frequency. Metamaterials,
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which have negative ε and µ, have narrow bandwidth as positive ε and µ materials.
The electrical polarization appears with resonance at very high frequencies (THz
region) in existing materials [93,94]. Yet magnetic polarization occurs with resonance
at lower frequencies, furthermore, it diminishes through the THz region. Thus,
resonance phenomena do not appear at the same frequencies in materials.
Introduction to Split Ring Resonator
In this dissertation, DNA origami nanosheettemplated split ring resonators (SRR)
have been designed 1. Brief introduction of SRR is described here.
SRR can be described as "LC circuit" with an inductor and a capacitor as el-
ements. Figure 2.22 a) show winding of a coil as U-shaped, is an inductor and
the gap at the end of a wire is a capacitor. The shape is convertible to 3D SRR
structures for colossal optical activity and circular dichroism, as given in Figure 2.22
b). The working principle can be explained as: an applied electromagnetic wave
gives rise to an oscillating current in the SSR, inducing a magnetic dipole moment
normal to the plane of the ring. As a result, the permeability of the eective mate-
rial changes [93, 94]. Small dimensions are required to change resonance frequencies
(300 THz) in the visible range [95,96]. However, the metal coil of the resonator with
small dimensions starts to deviate pure metallic behavior. The resonance frequency
decreases through to high frequencies due to the loses and kinetic energy of the elec-
trons. Thus, negative permeability is not be able to be strong at THz and optical
frequencies. New concepts have been developed to overcome frequency reduction and
reach visible ranges of metamaterials:
1. Fishnet structure: metal/dielectric/metal [97, 98].
2. V-shaped plasmonic nanoantennas [99].
3. Meta-atoms construction by using colloidal nanoparticles [100].
4. DNA origamitemplated metamaterial fabrication [50,101,102].
DNA-Templated Metamaterial Fabrication
DNA nanotechnology is a powerful method to construct metamaterials by using col-
loidal nanoparticles within a programmable assembly of 2D and 3D periodic arrays




Figure 2.22.: (a) Schematic image of a split-ring resonator. (b) 3D split-ring res-
onators [93].
self-assembly methods. These templates can be utilized to fabricate metamateri-
als with tailored light properties by ordering AuNPs/nanorods into programmable
arrangements [101]. For example, optically active metamaterial constructions have
been done rstly with AuNPs arranged in left- and right-handed helical arrangement
onto the DNA nanotubes. To this end, 24-helix bundles and rolled-up 2D rectangular
DNA origamis into tube formation have been utilized with the assembly of 10 nm,
13 nm and 16 nm diameter AuNPs along DNA nanotube [50,102]. The structure has
been utilized as optical reporters and conformal changes of those structures can be
observed with circular dichroism (CD) spectroscopy to measure the dierential ab-
sorption of left- and right-handed circularly polarized light in the visible wavelength
range. Simulations based on dipole theory show stronger CD response with large





Here, r is the nanoparticle radius and Rh is the helix radii. CD responses of dif-
ferent diameters of AuNPs are notably dierent. The CD peak has been observed
in longer wavelengths and the CD signal is clearer for larger particles [102]. Plas-
monic resonances have been also investigated in visible frequencies on air and liquid
media. Dipolar, multipolar and magnetic modes related to the ring geometries have
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been observed [103]. The magnetic dipolar mode with scattering peak at 645 nm for
30 nm AuNPs assemble in lattice with 37 nm interparticle distance. The red shift
has been observed for a large nanoparticle into the lattice with 20 nm interparticle
distance [104].
In summary, DNA nanotechnology enabled 3D self-assembled formations capa-
ble to place nanoparticles within the array form [105]. However, removing defects
and producing micrometer scale self-assembled arrays entirely from DNA are still in
question.
2.6.2. Introduction to Single Electron Tunneling: A DNA-Templated
Self-Assembly Concept
Single-electron charging eects may be utilized to control charging of single electrons
on conducting islands. This phenomenon oers a suggestion to miniaturization of
devices with dimensions smaller than 50 nm as SET device 2. Typical electrical char-
acterization of SET is done by measuring the source-drain current (Ids) with respect
to the gate voltage (Vgs). Single-electron current oscillations in the IdsVgs char-
acteristics have been observed when the electrons overcome the Coulomb blockade
gap which appears periodically as Vgs increases. This phenomena is described in
Section 2.5. The charging voltage is given in equation (2.7). In the equation (2.6),
C is the total capacitance of the island with two tunnel junctions (Ct) in the equa-
tion (2.12). Tunnel junction capacitances are determined by using the simple parallel
plate capacitor model.
C = 2Ct + Ci (2.12)
And the capacitance of the island depends on the shape of the island. Ci for sphere-
like structures, can be calculated by using the formula:
Ci = 4πεrε0r (2.13)
ε0 is the vacuum permittivity, εr is material permittivity and r is the radius of the
spherical particle.
The concept of DNA origamitemplated SET requires a process including as-
sembly of semiconductor nanoparticles with metal nanoparticles on the desire DNA
template in the sequence of metal nanoparticle/semiconductor nanoparticle/metal
nanoparticle order. One study promises DNA origamitemplated SET structure. In
this study, CdS rod and AuNPs have been assembled in the mold chains [106]. To this
end, CdS nanorod functionalized with DNA sequences has been docked on dened
positions on DNA origami mold structures, shown in Figure 2.23. The illustration
2An associated Publication is given in 4.2 and 4.4
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images show CdS rod (as yellow rod) have been docked between the AuNPs func-
tionalized mold monomers in Figure 2.23 a) and TEM image of the structure is given
below the illustrations. The docking of CdS rod has been also tested by one side
attachment to the mold dimers, as shown in Figure 2.23 b). And two side of attach-
ment between the mold dimers as shown in Figure 2.23 c). Finally, the seeded growth
of AuNPs has been formed for continuous metal/semiconductor/metal structure, as
shown in Figure 2.23 d).
Figure 2.23.: TEM and the corresponding cartoon images show structures by docking
the semiconductor rod between mold monomers in (a), one side of mold
dimers (b), between the mold dimers (c) and after the growth of the




3.1. Preparation of Substrates
Planar Si/SiO2 (270 nm oxide layer) and mica substrates diced into 1 cm×1 cm were
used as substrates. Mica substrate is used to quick check the DNA origamis with
AFM because the surface does not require additional surface treatment.
Si/SiO2 substrate is cleaned by sequential agitation in ethanol and membrane pure
water for 2 min and dried with N2. Prior to DNA origami adsorption, the Si/SiO2 sur-
face was treated with an O2 plasma (PICO, Diener Electronic, Ebhausen/Germany)
at 7 sccm O2 and a power of 240 W for 3 min to make the hydrophobic surface more
hydrophilic.
To understand the inuence of plasma treatment on the adsorption of the nanowires
on SiO2 surfaces, contact angles were measured before and after plasma treatment,
as shown in Figure 3.1 a). Small droplets of deionized water (2.54 ± 0.18 µl) and
diiodo-methane (2.83± 0.49 µl) were deposited on a SiO2 surface and imaged using
a Drop Shape Analysis System (Krüss, DSA 10Mk2, Hamburg/Germany). Contact
angles were determined from images recorded at an optimally adjusted viewing angle.
Oxygen plasma treatment reduced the contact angle strongly for water and moder-
ately for diiodo-methane. The strong decrease for water can be explained by an
increased electrostatic charge on the surface thus, increasing its hydrophilicity. The
surface free energy of the SiO2-liquid interface is shown in Figure 3.1 b) including
disperse and polar contributions were calculated by the OwensWendt method [107]
by using the Drop Shape Analysis Software version 1.80.0.2. The plasma treatment
caused a signicant increase of the surface energy.
Subsequently, the samples were rinsed with ethanol (20 s), membrane pure wa-
ter (20 s) and dried with N2. The substrates were immediately put in homemade
humidity chamber shown in Figure 3.2. The advantage of the humidity chamber is
to keep DNA samples in humid environment. It is a plastic cup and half-full of DI
water. A plastic vessel, which has eight holes, stays 5 cm above to the water surface
and provide humid air transfer on the sample area.
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Figure 3.1.: Surface properties of SiO2 before and after the oxygen plasma treatment.
(a) Average contact angle and (b) surface free energy of SiO2 [1].
3.2. DNA Origami Preparation and Deposition
3.2.1. DNA Nanomolds and Formation of linear mold superstructures
The detailed study of DNA nanomold preparation and optimization for the assem-
bly of linear mold chains has been done beforehand by a collaborating group at the
Peter Debye Institute for Soft Matter Physics, University of Leipzig [52]. Shortly,
DNA nanomolds were assembled using the DNA origami method [2,108]. CaDNAno
program was used to comprise parallel helices arranged in a square lattice. Design
is given in Appendix, Figure A.1. Reverse-phase cartridge puried oligonucleotides
for the DNA origami objects were purchased from Eurons MWG Operon. Sin-
gle stranded p8064 scaold DNA was purchased from Tilibit Nanosystems (Garch-




Figure 3.2.: Top (a) and side (b) view of home-made incubation chambers.
Helmi [109]. The one-pot assembly reaction was performed as follows:
 The 10 nM scaold p8064 (8064 nucleotide long single stranded DNA scaold)
was mixed at RT with folding buer containing 5 mM Tris-HCl, 1 mM thylene-
diaminetetraacetic acid, 11 mM MgCI2 (pH 8.0) with unpuried staple strands
and capture strands in a molar ratio of 1:10:1 (per individual sequence).
 The solution was heated to 80 °C for 5 min, and cooled to 25 °C over 15 h using a
non-linear temperature ramp with the slowest temperature decrease occurring
between 55 °C to 45 °C.
 The folded objects were investigated with gel electrophoresis (1 % agarose gel,
0.5×Tris-borat-Ethylenediaminetetraacetic acid (EDTA) (TBE), 11 mM MgCl2,
3.5 V/cm). Subsequently, the molds were puried using precipitation with
polyethylene glycol (PEG) to remove excess staples.
The mold monomers had a 20-30 nm long tube-like shape with quadratic cross-
section [52]. Each side wall of the mold consisted of two layers of 10 parallel DNA
helices of equal length as given in Figure 3.3 providing a total of 64 helices for
the whole mold structure. The short description of the formation of the long mold
superstructure is as follows: the staples were extended or shortened at the DNA helix
end by two or six nucleotides (nt) and to obtain defect-free mold superstructures,
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Figure 3.3.: (a) Design scheme of the mold bricks with specically interacting ends
containing an internally attached 5 nm gold seed (see inset, upper right
corner). Adhesion of mold ends is either obtained by protruding 5′-
staple ends together with correspondingly recessed 3′-staple ends at the
mold ends (A − A′ interface, see sketches in top row) or protruding 3′-
staple ends together with recessed 5′-staple ends (B−B′ interface). (b)
Self-assembly of a long mold superstructure using two mold types each
carrying an A or B interface being complementary to the A′ or the B′
interface of the other mold type, respectively. (c) AuNW formation by
metal deposition on the seeds inside the mold chain [1].
two dierent DNA interfaces were studied. These are called A − A′ and B − B′.
The orientation of the phosphate groups determines the directionality of DNA by
using terms of a "ve prime end (5′)" and a "three prime end (3′)". 5′ and 3′ in
opposite directions and carry encoded information of replication and transcription
for the base pairing rule in the DNA double helix. Interface A − A′, for whose end
staples were extended at the 5′-ends and correspondingly recessed at the 3′-ends, as
well as interface B −B′ with recessed 5′-ends and extended 3′-ends (Figure 3.3 a)).
40 helices out of 64 were extended with 6-nt for both 5′ and 3′-ends ("repulsive"
ends) which is avoid undesired interaction between the mold monomers. 24 helices
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were kept 2-nt recessions and extensions ("attractive" ends) supported the formation
of linear mold chain formations [1].
3.2.2. DNA Nanotubes
DNA origami nanotubes (6HB) design of Bui et al. [57] were used with some modi-
cation. The assembly reaction was performed as follows:
 The 100 nM (5 µl) scaold the M13mp18 bacteriophage DNA scaold (New
England Biolabs, Massachusetts/U.S.) and 170 staple strands were assembled
in a 1:30 molar ratio in Tris-acetate-EDTA (TAE) buer containing 20 mM Mg2+
(Sigma Aldrich), 10×TAE (10 µl), pure water (12 µl) to 6HB formation at RT.
28 staple strands (2µl of each) were added to modify 6HB. The sequences are
given in the research previously published by our group [79].
 The solution was heated to 80 °C for 12 s, and cooled to 25 °C over 1.5 h using
temperature ramp 0.5 °C/ 12s occurring between 80 °C to 55 °C and 0.3 °C/ 48s
occurring between 55 °C to 25 °C.
 Afterwards, the prepared origami was ltered by performing three buer ex-
changes in 1×TAE 20 mM Mg2+ (total volume of 200 µl) buer with a single
ultra-ltration centrifuge unit (100 kDa MWCO, Millipore, Massachusetts/U.S.)
to remove the extra staple strands. These extra elongating staple strands with
a capture sequence 5′-(AAT)8T4-3′ on their 5′ end capture 14 ss-DNA coated
AuNPs, i.e. two strands per nanoparticle. Resulting 6HB DNA origami nan-
otubes are 412 nm in length and 6 nm in diameters.
To incorporate streptavidin conjugated quantum dot binding sites, prior to nan-
otube synthesis, selected staple strands (on the center of the 6HB) were were ex-
tended with a 2.2 nm tether consisting of 5 thymine nucleotides and labelled with
biotin (Metabion, Planegg/Germany) at the 3′ end.
3.2.3. DNA Nanosheets
DNA nanosheet has been designed by our collabration group at the CNyN-National
Autonomous University of Mexico,Ensenada-Baja California, Mexico. Brief intro-
duction will be given here.
The "tall rectangle" DNA origami [110] (90 nm × 70 nm) was used as the DNA
origami nanosheet template for AuNPs assembly. The origami was formed by fold-
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ing an M13mp18 bacteriophage single strand DNA using more than 200 synthetic
oligonucleotide staple strands, as originally designed by Rothemund [2], but with the
following changes:
i. Along the perimeter of the rectangle, some of the side staples were elongated
by means of 5 adenine (A5) to prevent aggregation via helix stacking. The
sequences are given in Table ?? in the Appendix.
ii. Additionally, two consecutive staples were located at each AuNPs binding sites
for placing a total of eight nanoparticles to produce a C-shaped array. The
design is given in Figure C.1 of the Appendix.
Some staples were extended on the 3′ end by a short spacer sequence (T3) followed
by a specic 24 adenine sequence (A24) for each site. One of these A24 extensions
was in the 5′ → 3′ direction while the adjacent one was in the 3′ → 5′ direction,
so they do not assign each other during AuNP functionalization. These extended
staples were chosen so that the extensions would be oriented perpendicularly to the
plane of the origami; i.e. away from the origami. The synthesis of the DNA origami
nanostructures was performed by:
 2 µl from a 0.4 µM M13mp18 ss-DNA solution was mixed with 10 µl of a 0.44 µM
mix of single strand staples. 12 µl of 10×TAE and 96 µl of DI water were mixed
to the previous solution.
 Finally, this mixture was annealed in a programmed thermal cycler from 94 °C
to 4 °C with a ramp temperature of 1 °C/min and stored at 4 °C.
 Afterwards, the prepared origami (5 nM) was ltered by performing four buer
exchanges in 1×TAE 12.5 mM Mg2+ buer (40 mM Tris-acetate, 1 mM EDTA,
pH 8.2) with a single ultra-ltration centrifuge unit (100 kDa MWCO, Milli-
pore) to remove the extra staple strands.
3.3. Metallization of DNA Origami Structures
The process consists of three steps:
1. Gold nanoparticle preparation.
2. Hybridization of AuNPs on the DNA origami nanostructures.




Gold nanoparticle preperation, assembly and growth for DNA origami nanomold
templates has been done with Dr. Seham Helmi and Jingjing Ye at the Peter Debye
Institute for Soft Matter Physics, University of Leipzig. The process is given below:
5 nm AuNPs (Sigma-Aldrich, Missouri/United States) were densely coated with 15
nt poly-thymidine oligonucleotides carrying a 5′-thiol modication as described in
the method of salt aging [52, 111]. The particle concentration was estimated from
the absorbance at 520 nm wavelength.
Gold Nanoparticle Assembly
DNA-functionalized AuNPs were mixed with the puried DNA origami molds in
the presence of 200 mM NaCl at a molar ratio of 3:1 or 6:1 for molds with some
optimizations are given below:
1. Addition of two seeds per mold monomer to avoid interruption of AuNW in
case of missing seeds.
2. Chain formation overnight (24 h) to obtain long assemblies and
3. PEG precipitation [112] after chain formation to remove unbound gold seeds.
Fabricated mold monomers were preloaded with 5 nm DNA-functionalized AuNPs
[111,113] serving as seeds for subsequent gold growth. Yielded µm-long linear mold
chains containing evenly 20 nm spaced gold seeds with 96± 2% decoration eciency,
can be seen from the TEM image in Figure 3.4. They were attached within the
molds via four complementary DNA capture strands extruding from the four cavity
faces at the desired binding position (Figure 3.3 a) and b)) [1].
Gold growth Within DNA Origami Nanomold Superstructures
The concentration of the mold superstructures was adjusted with folding buer: such
that 1 nM mold monomers were present in solution, and hydroxyl amine (NH2OH)
was added at a 6-fold molar excess over the subsequently added gold precursor. The
gold growth was initiated by injecting 1x, 2x or 4x of 0.9 µl of 25 mM H[AuCl4]
into 100 µl nal volume of the NH2OH containing mold solution. During growth,
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Figure 3.4.: TEM images of AuNPs decorated linear mold chain [1].
the solution was vigorously stirred and after 1 min the grown wires were deposited
on TEM grids or SiO2 substrates. During subsequent internal gold deposition, the
mold walls constrain the metal growth, such that highly homogeneous nanowires
with 20-30 nm diameters are obtained as given in Figure 3.3 c).
3.3.2. DNA Nanotubes
Gold Nanoparticle Preparation
Phosphination and concentration of AuNPs have been done using commercially avail-
able, citrate-stabilized 5 nm AuNPs (BBI, Wetzlar/Germany). They were coated
with 3′ disulde-modied oligonucleotides of the sequence 5′-(ATT)3T4-3′. All sta-
ple strands and disulde-modied oligonuceotides were purchase from Metabion
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(Planegg/Germany). Modication steps are given below:
1. 10 µl of 10 nM colloidal gold solution (citrate stabilized, British Biocell Interna-
tional (BBI), Wetzlar/Germany) is mixed with 2 mg of solid phosphine. This
should be covered with Al foil and stirred slowly for 24 h.
2. Sucient NaCI (100200 mg) is added so the color changes from red to bluish.
3. Centrifuge at 500 g for 30 min.
4. The supernatant (yellowish) is taken out slowly and 2.5 mM phosphine is added.
The color of the particles changes to dark red.
5. The solution was again centrifuged at 500 g for 30 minutes after adding 0.5 ml
methanol.
6. The supernatant (yellowish) is taken out slowly and 2.5 mM phosphine is added
again.
7. Cover with this with Al foil and keep at 4 °C.
8. Conjugation of AuNP with DNA:Phosphonated AuNPs were then mixed with
3′ disulde-modied oligonucleotides of the sequence 5′(ATT)3T43′ at a
1:200 ratio in 0.5×TAE buer containing 50 mM NaCl (Sigma Aldrich) and
incubated for at least 80 h at room temperature. Under the current exper-
imental conditions, these oligonucleotides have a melting temperature above
25 °C, so that ecient hybridization can be carried out at room temperature.
Excess oligonucleotides were then removed by spin ltering the AuNPDNA
solution two times for 10 min at 6000 rpm after addition of 200 µl 1×TAE con-
taining 10 mM Mg2+ with an Amicon Ultra-0.5 ml lter with 100 kDa MWCO
(Millipore, Massachusetts/U.S.).
The formula for determination of DNA-conjugated AuNP volume is given below:
CiVi = CfVf
Ci is initial concentration of DNA-conjugated AuNP, which is measured by UV/vis
spectroscopy (Nanodrop 2000c, Thermo Fisher Scientic Inc.) in solution from the
optical absorbency at 520 nm. Vi initial volume, which is needed to know. Cf
nal concentration, which is determined before the experiment. Vf is nal volume,
generally 20 µl is used in this work.
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Gold Nanoparticle Assembly
For the attachment of 5 nm AuNPs, 28 staple strands at specic positions along the
DNA origami nanotube axis were extended by adding a capture sequence on their 5′
end to create 14 binding sites, where each binding site consists of two capture strands
of identical sequence that protrude from two neighboring helices. To avoid binding
of individual AuNPs to two adjacent binding sites, a distance between binding sites
of 30 nm was chosen. To control nanoparticle assembly and reach high attachment
yield, hybridization of AuNPs on the immobilized DNA origami nanotube was tested
by changing:
1. Incubation time: 10, 20 and 30 min at room temperature.
2. AuNP concentration: 30 or 35 nM DNA-conjugated AuNPs.
3. Salt solution in buer: 1×TAE buer containing 10, 20 or 50 mM MgCI2 in a
humidity chamber.
The residual salt was cleaned using 1000 µl 1:1 mixture of ethanol:Milli-Q water and
dried in a N2 stream.
3.3.3. DNA Nanosheets
Gold Nanoparticle Preparation
Gold nanoparticle preparation for nanosheet has been done by Amanda Marinez-
Reyes at the CNyN-National Autonomous University of Mexico,Ensenada- Baja Cal-
ifornia, Mexico.
The functionalized AuNPs to be attached in the specic binding sites to the "tall
rectangle" origami were prepared as follows. The AuNPs (BBI, Wetzlar/Germany)
of 5 nm in size were conjugated to a specic oligonucleotide chain of 24 thymine (T24),
complementary to the 24 adenine (A24) described above, at a AuNP:DNA ratio of
1:5 and allowed to incubate overnight (15 h). The T24 capture single strands had a
disulphide modication on the 5′ end and 3′ end, to be hybridized on both kinds of
A24 extensions, and followed by a 3 base spacer (T3) for increased exibility. After
overnight incubation, the AuNPs were then backlled with thiolated T5 sequences
(IDT) to prevent AuNPs aggregation in presence of high Mg2+ concentration buers




Three sides (8 capture strands for long side (90 nm), 4 capture strands for each short
sides (70 nm)) of the DNA nanosheet are functionalized with 24 adenine sequences
(A24) and short spacer sequences (T3) for binding of 8 AuNPs. Hybridization of
AuNPs on to the immobilized DNA origami nanosheet to reach high attachment yield
was tested by changing incubation time and salt concentration in buer as given in
gold nanoparticle assembly on DNA origami nanotube. Dierent from the nanotube,
5 or 10 nM DNA-conjugated AuNPs were tested for nanosheet. The residual salt was
cleaned using 1000 µl 1:1 mixture of ethanol:Milli-Q water and dried in a N2 stream.
3.3.4. Gold Growth on the DNA Origami Nanotube and Nanosheet
To form a continuous wire, AuNPs were enhanced. For this purpose, an equal volume
of salt concentration (1×TAE 10 mM Mg2+, 10 µl) solution mixed with plating solu-
tion (GoldEnhance EM, Nanoprobes, New York/U.S.) (2.5 µl for each A (enhancer)-B
(activator)-C (initiator)-D (buer)). Seeded growth of gold is partially controllable
with diluted 1:2 plating solution:buer. The plating solution was dropped onto a
SiO2 sample surface at RT for 20 min incubation. The salt residues on substrate was
then cleaned by dipping in Milli-Q water for 30 s and dried in a N2 stream. The
resulting wires were characterized with AFM or SEM.
3.4. Semiconductor Nanoparticle Preparation and
Assembly
3.4.1. CdS Semiconductor Quantum Rods for DNA Nanomold
This work was done with Dr. RichardWeichelt at the Institute of Physical Chemistry,
TU Dresden and detailed explanation of organic synthesis of CdS rod is given by
Weichelt et al. [106].
The process is as follow: DNA-functionalized CdS semiconductor quantum rods
have been synthesized by using an elongated CdS shell that was formed around
spherical CdSe core particles. Phosphoric acid has been used as ligand to stabilize
CdS crystals grown along the c-axis at 350 °C.
For the attachment of CdS nanorod to the origami mold structures, freshly synthe-
sized CdS rods have been mixed with 0.5×Tris−HCI, 300 mM NaCI and 11 mM Mg2+
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in 20 µl in total. The mixture was then slowly heated to 40 °C and then cooled down
to 23 °C over the course of a 5 h time period in a thermal cycler. The sample was
incubated at 20 °C for 2472 h.
The AuNPs attachment to the mold and AuNP growth have been done with
the same procedure as given in Section 3.3.1 with the following change: hydroxyl
amine (NH2OH) was added at a 6-fold molar excess over the subsequently added
gold precursor [106].
3.4.2. CdSe/ZnS Core-shell quantum Dots for DNA Nanotube
Qdot 800, streptavidin conjugate CdSe/ZnS core-shell Qdots (20 nm) in 1 µM con-
centration in solution was ordered from Molecular Probes-Thermo Fisher Scientic.
Streptavidin Qdot 800 conjugate has uorescence emission maxima of 800 nm. Ap-
proximately 5 to 10 streptavidins have been coated per Qdot nanocrystal. For as-
sembly of streptavidin conjugate Qdot on biotinated site of nanotube, 1 µM concen-
tration was diluted in nal volume of 20 µl 0.5, 1, 1.5 and 2 nM Qdot solution with
10 and 20 mM MgCI2 buer or 0.3, 0.5 and 0.75 nM Qdot concentrations (in total
3 µl) mixed with 20 µl nanotube solution.
3.5. Deposition of DNA origami structures on SiO2/Si
surface
3.5.1. Deposition of DNA Nanomolds
Subsequent to the substrate preparation, 1 nM nanomold sample for nal volume
of 20 µl were placed on the wafer surface for 1 h incubation at RT on air. After-
wards, the substrate was dipped in a 1:1 mixture of ethanol and DI water for 30 s to
wash out buer residues. The growth of the AuNP seeds nished within the mold
superstructure in liquid prior to deposited on SiO2.
The organic resistive DNA layer around the nanowires has been removed by using
O2 plasma at 7 sccm O2 and 300 W for 30 min. For testing the process, AuNP
decorated DNA origami nanotubes were imaged using AFM (Figure 3.5 a)). The
high dierences (z coordinate) of AFM scan in Figure 3.5 b) shows that the DNA
layer behind the AuNPs has been cleaned.
54
3.5.2. Deposition of DNA Nanosheets and Nanotubes
SiO2 surfaces were pre-treated in an O2 plasma as described in Section 3.1 prior
to the dropping the nanosheets or nanotubes. The nanosheets or nanotubes was
prepared 1 nM in solution in a total volume of 20 µl 10×TAE 200 mM Mg2+ buer.
Subsequently, solution was dropped on the sample. After an incubation for 1 h in
a humidity chamber, the substrate was ushed with 1000 µl of a 1:1 mixture of
ethanol:Milli-Q water (3 times) to remove Mg2+ residue from the surface and dried
with a N2 stream. The assembly and growth of the AuNP seeds nished on the
nanosheets and nanotubes after the deposition on SiO2 surface.
3.6. Structural Characterization
3.6.1. Atomic Force Microscopy
The DNA origami nanosheet and nanotube structures on Si/SiO2 or mica substrates
and AuNP assemblies were characterized using atomic force microscopy (AFM) op-
erating in tapping mode using a Bruker MultiMode 8 scanning probe microscope
and Al reex coated cantilevers (Tap150Al-G from Nanoandmore, force constant
5N/m, tip radius lower than 10 nm) in dierent scanned areas. The topographic












Figure 3.5.: (a) and (b) AFM images of AuNP decorated DNA origami nanotube
(6HB) before and after the O2 plasma cleaning of the organic DNA layer
for the 2 µm× 2 µm scan area, respectively.
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3.6.2. Scanning Electron Microscopy
Surface morphologies of the fabricated DNA origamitemplated structures were in-
vestigated by scanning electron microscopy (SEM, RAITH e-line Plus or 150) with
30 µm aperture size at 10 kV. DNA origami nanotubes were investigated as fabri-
cated, after the AuNP assembly and the growth AuNPs process. The DNA origami
nanosheet and nanomold structures were imaged after the growth of AuNPs process.
3.7. Electrical Characterization
For electrical characterization of the DNA origamitemplated structures:
1. Electron beam lithography dened contacts were designed and fabricated on
recorded locations of the nanowires.
2. Probe station and semiconductor parameter analyser was used for current-
voltage measurements.
3. Current-voltage data were analysed with suitable electronic transport theories.
1. Electron Beam Lithography Dened Contacts Design and
Fabrication on Recorded Locations of the Nanowires
Three parallel arrays of chips, in total 45 chips, included four contact pads and 144
alignment markers, were patterned in a square lattice dened 36 writing elds of
8 µm × 8 µm size using electron beam lithography (RAITH e-line Plus) on top of
the SiO2 substrate with deposited DNA origami. Electrical contacting process of
individual DNA-templated structures consists of three steps.
1. Patterning of the chips (contact pads and marks) by electron beam lithography:
a) ZEP520A (300 nm) electron beam resist was spin coated on the samples
in class 100 (HZDR Ion Beam Center) clean room facilities. 1
1If the resist does not spread uniform by the sample, possible reasons are: DNA is still on the
sample and it keeps the humidity in the sample. In this case, clean the DNA with O2 plasma
and spin coat the resist. If the DNA should stay on the surface, heat the substrate 150 °C for
30 s and subsequently deposit the resist. If the resist still does not became uniform, check the
humidity of the cleanroom.
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b) Post-baked: at 150 °C for 10 min.
c) The resist was exposed at 35 µC/cm2 area dose with 30 µm aperture size
and 10kV acceleration voltage of electrons to write contact pads and mark-
ers.
d) Development: n-Amyl acetate for 90s and subsequent stopping in iso-
propanol (IPA) for 30 s. Optical microscope image is given in Figure 3.6
a).
e) A 5 nm Ti adhesion layer followed by a 60 nm100 nm gold layer was
deposited at 0.2Å/s and 2Å/s with e-beam evaporation (Bestec Ultra
High Vacuum Evaporation Tool).
f) Lift-o Au: immersion in ZDMAC (Dimethylacetamide) and subsequent
washing with IPA, followed by drying in a N2 stream. Ultrasonic lift-o
process might be required to remove gold layer. Optical microscope and
SEM images are given in Figure 3.6 b) and Figure 3.7 a), respectively.
2. Detection of the DNA-templated nanostructures between the markers by us-
ing several SEM images in 10 µm writing eld (Figure 3.7 b)). In this way,
the selected nanostructure coordinates are registered as xy coordinates with
respect to the alignment marks.
3. Patterning of the Au contacts of individual nanostructures (small contacts from
the structures and big contacts from small contacts to contact pads) was done
with the same steps as 1, only step c) is dierent: the resist was exposed at
100�m
Figure 3.6.: Optical microscope images of the one of 15 chips that includes four
contact pads and markers for 10 µm and 100 µm writing eld (a) after
development, (b) after the rst lift-o.
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35 µC/cm2 area dose with 7 or 10 µm aperture size and 10 kV acceleration volt-
age of electrons to write for dening contacts on selected nanowires (Figure 3.7
c)). The nanostructure's registered location is used to achieve the correct e-
beam exposure location. 10 nm and 100 nm writing elds should be chosen for
the fabrication of small and big contacts, respectively (Figure 3.7 c) and d)).
2. Semiconductor Parameter Analyser for Current-Voltage
Measurement
Electrical measurements were carried out using a semiconductor parameter analyser
(Agilent 4156-C) which is connected to a probe station. Measurement was done
in vacuum (10−5 mbar) and in the dark using two probes. A helium ow cryostat
system was used for temperature-dependent electrical measurements. The samples
were cooled down to 4.2 K and measurements were performed while heating up.
3. Current-Voltage Data Analyses
IV measurements for DNA origami nanomoldtemplated metallic nanowires were
performed by sweeping of the voltage (0 to 30 mV and −30 mV) or the current (0
to 1 µA and 0 to 25 µA) for resistive or conductive wires, respectively. The resis-
tances or conductances of the wires were determined by least-squares tting of a
linear function to the measured V I or IV curves, respectively. For wires which
showed non-linear IV relations at low temperatures, we determined the zero-bias
resistance (conductance) as the slope of the curve at the inection point near zero
current (voltage). IV characteristics for DNA origami nanomoldtemplated het-
erostructures were measured by sweeping sourcedrain voltage from 0 to 30 mV and
−30 mV. And following, the sourcedrain voltage was slowly increased to up to 0 to
1.3 V and −1.5 V in ±200 mV steps.
IV measurements of DNA origami nanosheettemplated C-shaped nanowires
were done by sweeping the voltage from 0 to 30 mV and from 0 to −30 mV. Ad-
ditionally, 50 mV, 1 V, 2 V, 3 V and 5 V voltage bias was applied on the wire. The
resistance of the nanowires was calculated through a linear t to the measured IV
curves. For wires which showed non-linear IV behaviour at low temperatures, the
zero-bias resistance was determined as the slope of the curve at the inection point
near zero voltage.
The IV characteristics of DNA origamitemplated structures were modelled by













Figure 3.7.: (a) SEM image shows one chip out of 45 on the center of 1 cm×1 cm SiO2
substrate the absorbed gold nanowires. 144 alignment marks patterned
in a square lattice dened 36 writing elds of 8 µm × 8 µm size. Gold
electrodes are patterned by using two dierent writing eld. An area in
100 µm writing eld is shown as rectangular area with straight line for big
contact fabrication and small wire area in a 10 µm writing eld is shown
as rectangular area with dash lines, for small contact fabrication. (b)
Nanowire on the middle of the writing eld. The SEM image corresponds
to the small square in Figure (a). Coordinates are registered with respect
to the alignment marker. (c) Small and large electrodes placed on the




4. Results and Discussion
4.1. DNA NanomoldTemplated Assembly of Conductive
Gold Nanowires
4.1.1. Introduction
DNA is an attractive material not only for soft nanostructures in biological ap-
plications but also for many applications in "hard-matter nanotechnology". DNA
structures enable one to fabricate hard matter materials. Particularly, the structures
in nanoelectronics have been made from inorganic, e.g. metallic and semiconducting,
rather than biological materials. The rst concept to use DNA as a template electro-
less deposition, in which metal seeds are rst deposited on the DNA and subsequently
the seeds are grown to more continuous structures. This concept was extended by
using site-specic interactions to assemble inorganic nanoparticles including Au, Ag,
Pt, Pl, Cu, and Co in a programmable array as discussed in Subsections 2.5.1 and
2.5.2.
In this section, the electrical characteristics of conductive AuNWs fabricated using
DNA templates in a solution-based process will be presented. In this new concept of
producing nanowires, the metal deposition is initiated by a nucleation seed inside the
cavity of a DNA origami mold, such that the mold wall inuences the shape of the
resulting particle. In this way, it is possible to synthesize gold cuboids of dierent
dimensions and shapes. Here the mold-based nanostructure fabrication scheme is
extended by coupling mold monomers into large linear mold superstructures given
in Figure 3.3. This enables the growth of highly homogeneous, µm-long nanowires
with around 30 nm width that in part exhibit metallic conductance. The detailed
information of fabrication of mold superstructures and the gold growth process in
The work described in this chapter was published and submitted in part in:
1- Turkan Bayrak, Seham Helmi, Jingjing Ye, Dominik Kauert, Jerey Kelling, Tommy Schoen-
herr, Richard Weichelt, Artur Erbe and Ralf Seidel. "DNA-Mold Templated Assembly of Con-
ductive Gold Nanowires" Nano Lett., 18(3):21162123, 2018.
2- Turkan Bayrak, Amanda Martinez-Reyes, David Ruiz-Arce, Jerey Kelling, Enrique Samano-
Tirado and Artur Erbe. "Electrical transport study as a function of temperature on a C-shaped
gold nanowire templated by a DNA origami" in revision (2020).
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Figure 4.1.: SEM images of DNA moldtemplated AuNWs with 400 to 1000 nm in
length. The scale bars are 200 nm [1].
mold are presented in Subsection 3.2.1.
4.1.2. Results and Discussion
The resulting of the DNA origami nanmoldtemplated nanowires with diameters of
32 ±3 nm and 110 nm to 1000 nm long have been observed with SEM. Images are
shown as examples in Figure 4.1. Despite occasional gaps, these wires were of excel-
lent homogeneity compared with other DNA-templated metal nanowires. Thus, the
mold-assisted growth of metal nanoparticles can be successfully transferred to large
mold superstructures. To reveal which role residual gaps are playing and whether
the wires can exhibit metal-like conductance, electrical transport properties of several
nanowires have been investigated. To this end, the electrical contacting of individual
DNA origami mold-based AuNWs was performed in three steps as given in Section 3.7
and following Figure 3.7 a)d). This procedure allowed to write four electrodes even
on a 600 nm long nanowire. Overall, the wires adhered well to the substrate, such
that they retained their shape during the lithography and the solvent-based ultra-
sonic lift-o process, as conrmed by SEM imaging.
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Figure 4.2.: Resistance values at RT as function of length for the characterized
AuNWs. Wires chosen for temperature-dependent measurements are
shown by a star-shaped symbol [1].
Figure 4.2 shows resistance versus length of the nanowires from two-terminal IV
measurements that were performed on 22 individual wires. The measured resistance
values at RT (293 K) including the contact resistance between EBL-patterned gold
electrodes and nanowires were between 90Ω and 30 GΩ without showing a clear
length dependence. Contact resistance may roughly predict as 60Ω at RT and
20Ω at 10 K with a control AuNW, given in Appendix Figure A.2. The limited
resolution of SEM imaging on the SiO2 substrates did not allow to correlate the
measured resistance with the wire morphology. SEM images of a wire with four
contacts which was found to be non-conductive (resistance is higher than 260 GΩ),
as shown in Figure A.3 in Appendix. Therefore, to understand the large variation in
resistance values, the temperature dependence of the charge transport of two highly
conductive nanowires (labeled CW1 and CW2 with RT resistances of 90Ω± 5Ω
and 460Ω ± 10Ω) as well as two highly resistive nanowires (labeled RW1 and
RW2 with RT resistances of 190 kΩ ± 5 kΩ and 690 MΩ ± 5 MΩ) were measured,
respectively.
The SEM image shown in Figure 4.3 a) depicts the CW-1 with a length of 800 nm,
which was contacted by four gold contacts. SEM imaging revealed 1315 nm gaps
between the contact points 2 and 3 as well as 3 and 4 leading to insulating behavior
in IV measurements in Figure A.5 in Appendix. A high conductance was found for
the wire segment between contacts 1 and 2 (CW1). The IV characteristics of CW
1 (200 nm length, 40 nm widths) are linear throughout the considered temperature
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range between 4.2 K and RT that are shown in Figure 4.3 b). This indicates an ohmic
behavior of the nanowire itself as well as its contacts. The resistance of the wire CW-
1 was weakly decreasing with temperature from 90Ω at 293 K to 50Ω at 4.2 K as
expected for a metallic wire. A qualitatively similar behavior was observed for the
285 nm long nanowire CW2 (Figure 4.3 c)) with 30 nm average width for which
resistances of 460Ω and 420Ω at 293 K and 4.2 K (Figure 4.3 d)) were measured,
respectively.
Temperature-dependent IV measurements on the more resistive nanowires RW
1 (290 nm length, 36 nm width, Figures 4.4 a)) and RW2 (115 nm length, 39 nm
width, Figures 4.4 c)) revealed linear behavior at RT. However, at low temperatures
(50 K to 4.2 K), the IV curves became non-linear between −30 mV and 30 mV as
shown in Figures 4.4 b) and d). Therefore, resistance values were calculated from the
slope of the linear part of the curves (−10 mV to 10 mV). The resistance was strongly
temperature-dependent for both wires; it increased for RW1 from 190 kΩ at RT to
b)
c)
Figure 4.3.: (a, b) SEM images show the nanowires after contacting (the scale bars
are 200 nm). (c, d) IV curves for the highly conductive wires CW1
and CW2 obtained by sourcing the current and measuring the voltage
drop across the wire. Resistance values shown next to the curves were
obtained from linear ts (solid lines) [1].
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Figure 4.4.: (a,b) SEM inset images show the nanowires after contacting (the scale
bars are 200 nm). (c,d) IV curves for the resistive wires RW1 and
RW2 obtained by applying a voltage bias and measuring the resulting
current [1].
14 MΩ at 10 K and for RW2 from 700 MΩ at RT to 23 GΩ at 4.2 K. The IV
curves of all measured temperatures are given in Appendix Figure A.4. Thus, both
wires did not show metallic conductance behavior. To better understand the nature
of the charge transport in these nanowires, the normalized natural logarithm of the
conductance was plotted with the equation (2.8). The conductance of both CW1
and CW2 increased mildly with decreasing temperature (Figure 4.5 a) and b), re-
spectively) as discussed above. Saturation of the conductance at low temperatures
(4.2 K to 20 K) was observed in CW1 and CW2. In contrast, in Figure 4.5 c) and
d), the conductance of the resistive nanowires RW1 and RW2 decreased strongly,
initially in an exponential fashion with the reciprocal temperature. While RW1 ex-
hibited an exponential decrease over the whole temperature range, the conductance
of RW2 saturated for temperatures below 30 K. An exponential conductance de-
crease indicates a thermally activated hopping mechanism for the charge transport,
e.g. due to low conductance barriers in between conductive wire segments. Here, the
conductance is governed by the activation energy Ea necessary to overcome the bar-
rier according to equation (2.8). The activation energies of the wires were obtained







Figure 4.5.: (a,b) Normalized natural logarithm of the conductance values as a func-
tion of T−1 for CW1 and CW2 and (c,d) RW1 and RW2, respec-
tively. Exponential ts to the data in the temperature range are shown
as solid lines [1].
RW1 (temperature range from 10 K to RT) and 45 ± 5 meV for the more resistive
wire RW2 (temperature range from 70 K to RT). While a hopping mechanism seems
to dominate the conduction of RW1 at all temperatures, hopping conductivity is
observed for RW2 only at high temperatures. At low temperatures, between 4 K
and 30 K, the independence of the conductance of RW2 on the temperature suggests
that direct tunneling of electrons through an energy barrier is the dominant mech-
anism in this regime. For temperatures in between the tunneling and the hopping
regime (30 K to 70 K), a thermionic conduction mechanism comes into play [114] due
to decreases in the eective barrier height and the excitation of more electrons.
4.1.3. Conclusion
In summary, the fabrication of highly homogeneous and conductive nanowires using
DNA nanomolds was successfully demonstrated. Mixing two mold types (see Sub-
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section 3.2.1) with likewise attractive interfaces resulted in the formation of linear
mold superstructures being hundreds of nanometers long and comprising dozens of
monomers. The subsequent gold deposition on the seeds produced nanowire struc-
tures that consisted of nearly perfectly aligned AuNPs of homogeneous sizes. This
demonstrates that the mold-assisted growth of metal nanoparticles can be applied
to large superstructures. The approach represents thus a new way to perform DNA-
templated nanostructure fabrication. At elevated amounts of deposited gold, the
grown nanoparticles became connected to each other, such that the resulting struc-
tures became quasi-continuous. To verify whether actual gold-gold contacts between
the particles had been established, temperature-dependent conductance measure-
ments enabled by high-precision contacting of the wires using electron beam lithog-
raphy. These characterizations provided diverging results. A small part of the wires
exhibited high metal-like conductivity, verifying that metallic goldgold contacts
could be successfully formed over 20 to 30 contiguous particle boundaries (being
spaced by 20 nm). Establishing metallic contacts at the particleparticle interfaces
still remains a critical factor, since many of the tested wires exhibited signicantly
reduced conductance values. Comprehensive temperature-dependent characteriza-
tion of two more resistive wires revealed that the charge transport was dominated
by a single eective energy barrier reected by the single exponential decrease of the
conductivity with reciprocal temperature. This suggests that the charge transport
was dominated by a single non-metallic inter-particle interface that needed to be
overcome by hopping at higher temperatures. The width of such non-metallic gaps
was presumably in the low nanometer range supported by the observation of tunnel-
ing dominating the charge transport at low temperatures for one of the tested wires.
The results represent a considerable advancement in DNA-templated fabrication of
electronic structures regarding the homogeneity and the potentially high conductiv-
ity of the obtained structures. Beyond that, the approach based on large DNA mold
superstructures opens up a versatile route for self-assembly-based device fabrication.
4.2. Conductance measurements on
Gold/Semiconductor/Gold heterojunctions
templated by DNA Nanomolds
4.2.1. Introduction
The potential for substantial downsizing of transistors is the main driving force for
research on SET devices. The bottom-up fabrication based on molecular recognition
enables the constructing of nanosize complex formations from molecular building
blocks. Complex structures assembled from nanoparticles, which are showing dier-
ent properties, or carbon nanotubes are a way to utilize DNA in electronic devices.
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Successful examples can be given, including eld eect transistors assembled using a
streptavidin-functionalized carbon nanotube on a ds-DNA scaold. DNA-conjugated
CdS nanorods have been attached to a DNA origami mold at pre-dened internal
docking positions. Quantum dot assembly on DNA origami templates has already
been established and such structures have been optically characterized [101,102].
The actual aim of this section is to electrically investigate DNA origami mold
templated Au/CdS/Au (metal/semiconductor/metal (MSM)) heterostructures which
consist of AuNWs and CdS semiconductor nanorods intended to be used as SET de-
vices as described in Subsection 2.6.2. The structure was self-assembled using DNA
origami mold templates as described in Subsections 3.3.1 and 3.4.1. In order to un-
derstand the possibility for the resulting MSM structures to function as SET devices,
it is important to determine their electrical properties. In this study, the structural
and electrical characterization results based on SEM and IV measurements are
presented.
4.2.2. Results and Discussion
The morphologies of DNA origami moldtemplated solution-based fabrication of
Au/CdS/Au structures were examined on a 270 nm Si/SiO2 surface with SEM. To be
able characterize the heterostructure, one needs to rst understand the morphology
of the CdS nanorod. To get this reference 1 nM rods in solution has been deposited
on a substrate. Figure 4.6 a) shows an SEM image of CdS nanorods on the substrate.
The resolution limit of the SEM image due to the charging eect originating from
the dielectric substrate prohibits the evaluation of the homogeneity of individual
nanorods. However, the sizes of the nanorods can be estimated as 45 nm in length
and 5 nm in width which agrees well with TEM images in published research [106].
Next, the CdS rods located in between DNA origamitemplated AuNWs were
inspected. High-resolution and high-magnication scanning was required to detect
the small CdS rods between AuNWs. To this end, rst 1020 nm gaps were located
by SEM, then, by adjusting brightness and contrast, the dielectric CdS rod could
be made visible. Another diculty in nding individual Au/CdS/Au structures is
aggregation present on the surface as shown in the SEM image in Figure 4.6 b).
Aggregation is not only prohibitive for nding promising individual structures such
as a single rod between DNA-templated AuNWs, but it is also reducing the yield
of individual and separated heterostructures. Once the promising structures were
identied, their electrical properties were extracted from the IV characteristics. To
this end, gold electrodes were fabricated on the sample by an optimized method
that is described in Section 3.7. Figure 4.7 a) shows an Au/CdS/Au structure in
between gold electrodes and a CdS nanorod can be identied between AuNWs. The
active length of the CdS nanorod between the AuNWs is 1020 nm. Two-terminal
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a) b)
Figure 4.6.: (a) CdS semiconductor rods under SEM. (b) Assembled CdS rods
(shown in red square) attached to DNA origami moldtemplated
AuNWs. The scale bars are 100 nm.
IV measurements were carried out on the heterostructure at RT to investigate the
electrical transport mechanisms. Figure 4.7 b) shows an IV curve, in which the
current depends strongly on the applied voltage and several electrical conduction
models were tested to explain the measured curve.
At low voltages (between ±0.2 V), the current is not completely proportional to
the voltage and the slope of the ln(I) versus ln(V ) plot (Figure B.1 in Appendix)
deviated from 1. I-V characteristic deviates from ohmic behavior and very small
current was recorded (Figure 4.7 d)). When the sourcedrain voltage was slowly
increased from ±0.2 V to 1.3 V and −1.5 V, the IV curve shows strong non-linear
characteristics where current increase more in reverse voltage sides than forward
(Figure B.2 in Appendix). Moreover, abrupt current onsets were observed. Under
forward bias, the current increased exponentially (Figure 4.7 b) and e)) up to 0.1 nA
at 0.68 V. At higher voltages (> 0.68 V) the current jumps to 1 nA. Further increase
of voltages caused to a second jump at 1 V to 8 nA. Under reverse bias, the current
increases exponentially (Figure 4.7 c)) up to −2.1 nA at −1.36 V and an abrupt
current increase to −75 nA was recorded at −1.4 V. These sudden high current onsets
might indicate the presence of a coulomb blockade in the structure. This could be
explained by the "symmetric junction circuit" of a SET device where R1 = R2 and
C1 = C2 and the threshold voltage should be |V | = q/C. The sample symmetry may
be the reason why the sharp steps were exist [115,116].
The SET device consists of two tunnel junctions which would be formed by small
gaps between the AuNWs and the CdS rod. TEM images of DNA moldtemplated
MSM structures in published research show that a 1-2 nm gap is present in metal
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Figure 4.7.: (a) Illustration and SEM images of a self-assembled Au/CdS/Au struc-
ture between the gold electrodes (D is drain and S is source). (b) IV
characteristics of Au/CdS/Au. Three regions (c) from 0 to -1.5 V, (d)
±0.2 V and (e) 0 to 1.3 V, respectively.
size. If the measured IV characteristics originate from Coulomb blockade, applying
a bias voltage large enough to provide the charging energy necessary to overcome
the blockade will let current ow. This threshold voltage can be calculated using
equations (2.6) and (2.7). The capacitance of the CdS rod between the AuNWs is
estimated by equation (2.13). In this setup the radius r is assumed to be 10 nm which
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gives a threshold voltage of around 1 V. This means the current should have a jump
at around 1 V. The observed IV curve show the sharp steps at 0.68 V and −1.4 V.
Small deviation of the experimental threshold voltages can be explained by the eect
of the tunnel barrier capacitance which is not included in the calculations or rod
radius might dierent than 10 nm due to the limitations of SEM. The measurement
was terminated at 1.3 V and −1.5 V due to the instability of the structure. The
structural instability is also seen by the noise of the IV curve.
Another possible explanation of the recorded I-V curve is a breakdown occurring
at high voltages. When a metalsemiconductor interface is created, energy dierences
between the conduction band of the semiconductor and the Fermi energy of the metal
cause a Schottky barrier. IV characteristics of the device shown in Figures 4.7 b)
indicates that the current exponentially grows at low voltages. It shows a turn-on
voltage of around 0.68 V of forward voltage. Under reverse voltages, bias is lowering
the barrier height which allows current increase exponentially. The jump in current
at −1.4 V might be caused by a breakdown. Unfortunately, it was not possible to
measure IV characteristics of more DNA moldtemplated Au/CdS/Au structures
due to the diculty of nding individual structures on the substrate. Therefore,
the presented interpretation of electrical characterization results was based on only
a single measurement.
To verify the electrical properties of Au/CdS/Au structure, the electrical char-
acteristics of AuNW (Control-1) and two AuNWs with an empty gap without CdS
nanorod (Control-2) need to be measured under identical conditions. The SEM im-
age of the rst control sample, Control-1, in Figure 4.8 a) shows continuous AuNWs.
As expected for AuNWs, Control-1 exhibits ohmic behavior at RT with measured
current up to 200 nA at 30 mV and a resistance of 150 kΩ, as shown in Figure 4.8
c). The second control sample, Control-2, in Figure 4.8 b) shows two AuNWs with a
10 nm gap. The distance of the gap has been estimated by SEM. In Control-2, neither
a CdS nanorod has been assembled nor has AuNPs seeded growth yielded a single
continuous nanowire. The IV curve of Control-2 in Figure 4.8 d) exhibits a non-
linear curve, where at low voltages (between ±0.2 V) current ow was suppressed.
Thereby, the recorded current at low voltages in MSM structure could caused by
the leakage of 1-2 nm size tunnel junctions, impurities or surface contaminations.
Recorded small current (up to 4 pA) for bias voltages up to 1.5 V might indicate
the mobilization of electrons through the small gap between AuNWs via tunneling
through the SiO2 substrate at high voltages.
4.2.3. Conclusion
In this section, two-terminal IV properties of a MSM junction fabricated using
the DNA origami method have been examined. DNA origami nanomolds have been
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Figure 4.8.: (a) The SEM images of the DNA origamitemplated AuNW. Sample:
Control-1. (b) Lack of rod assembly between the origami-templated
AuNW. Sample: Control-2. (c) and (d) Two probe IV characterization
of the control samples.
utilized to assemble multi-particle systems, i.e. semiconductor nanorods and metallic
nanoparticles. Particles of arbitrary shapes and properties can be site-specically
assembled to fabricate nanoelectronic components. The specic DNA origami design
employed here provides eective attachment for AuNPs and CdS nanorod to the
Au/CdS/Au junction. To understand the electrical properties of the junction, the
heterostructures were contacted by highly precise gold electrodes fabricated using
EBL to perform two probe IV measurements. The recorded IV curves showed
very low current at low voltages. Increasing the bias voltage up to the threshold
voltage caused current jumps to relatively high values. The IV curve of the junction
is completely dierent from the control samples: AuNW or 10 nm SiO2 gap between
the AuNWs. Coulomb blockade or breakdown of the Schottky barrier are possible
reasons of the sudden jumps in IV measurement.
The results suggest that it is possible to fabricate self-assembled MSM junctions
and electrically characterize them successfully. However, electrical characterization
of the junction is pretty premature. The measurements should be repeated at low
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temperatures, higher voltages and with a gate electrode for characterizing a real
transistor device such as a single electron transistor.
4.3. C-shaped Gold Nanowires Templated by DNA
Nanosheet
4.3.1. Introduction
DNA origami is a versatile construction material within the self-assembly of complex
systems, allowing, for instance, the miniaturization of electronic components which
may enable further nanoelectronic applications. DNA origamiguided self-assembly
provides the possibility to precisely control the assembly of metallic [14, 29, 117],
semiconducting [57,117,118] or magnetic [119] nanoparticles into elongated wires via
WatsonCrick base pairing [35]. Nanoparticles can be attached on specic sites by
functionalizing DNA single strands at the desired location of the origami structures
either chemically or extending staple strands with additional nucleotides that serve
as sticky ends for complementary sequences.
The degree of miniaturization achievable through DNA origamiguided assembly
of AuNWs, however, is still to be determined. The feasibility of the DNA origami
technique for creating nanodevices within the current size limits might be explored
by the fabrication of a SRR. The detailed information of SSR metamaterial was
given in Subsection 2.6.1. Briey, the electric current in SSR can be induced in
two dierent ways: by a time-dependent magnetic ux enclosed by the ring or by
an electric-eld component of the light parallel to the slit of the ring (capacitor),
which leads to a voltage drop over the two ends of the metal wire. The topology
of the SRR corresponds to two C-shaped concentric wires with a slit (capacitor) on
opposite sides having radii rext and rint, with rext > rint and a gap d between the
perimeter of the wires [120]. As a proof of concept of this device, the conductive
behavior of an AuNW with a C-shape, one of the rings of the SRR, will be studied
as a function of temperature and templated using the DNA origami technique.
DNA origamitemplated metallic nanowires and their electrical characterization
are prime examples for the combination of "top-down" and "bottom-up" approaches
in nanotechnology. The bottom-up approach belongs to the DNA origami method
and its functionalization with nanoparticles to make structures at the nanoscale. An
application of top-down methods is given by the use of lithographic methods for
contacting the C-shaped ring. Electric charge transport of DNA-templated wires
shows a widespread range in resistances from a few tens of ohms up to several gi-
gaohms. These results suggest that the fashioning of metal nanoparticles on the
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a) b) c) d)
Figure 4.9.: (a) Scheme of the DNA origami nanosheet, 90 nm×70 nm, as a template
for the assembly of DNA-functionalized AuNPs. (b) Three sides of
the DNA nanosheet are functionalized with 24 adenine sequences (A24)
and short spacer sequences (T3) for binding of 8 AuNPs. (c) AuNPs
functionalized with single DNA strands are attached on specic locations
by hybridization. The AuNPs are 5 nm in size and conjugated to a chain
of 24 thymine (T24), complementary to the A24 on the DNA origami
nanosheet. 3 base spacers (T3) are utilized for increase exibility. (d)
Electroless gold deposition on the AuNPs results in growth of DNA
nanosheettemplated AuNW as a C-shaped formation.
origami nanostructure and how they grow and merge by metallization methods con-
trol the resistance, whereas the length and width of the nal structure hardly inu-
ence the electrical properties [1, 67,121].
Here, the electric transport of C-shaped AuNWs has been analyzed based on
small DNA origami templates (90 nm × 70 nm DNA origami nanosheets) having
three functionalized sides. The DNA origami nanosheet design is shown in Appendix,
Figure C.1) holding eight AuNPs conforming one of the rings of a SRR. Electroless
gold growth is applied to selectively grow the AuNPs until they merge into nanowires.
Finally, this work demonstrates the application of single and isolated conductive
nanowires with a C-shape. They are precisely contacted by metal using EBL to
better understand the charge transport characteristics at dierent temperatures, as
a rst step in the construction of SRR by DNA origami.
4.3.2. Results and Discussion
Figure 4.9 shows a schematic representation of the dierent stages to build the




Figure 4.10.: (a) AFM height images of immobilized DNA origami sheets and (b) a
high magnication AFM image of an individual nanosheet (green box
in (a)) on a SiO2 surface. (c) AuNPs attached on specic positions,
(d) high magnication AFM image of an individual AuNP decorated
nanosheet (green box in (c)). Inset Figures show a cross-sectional prole
of the individual origami and AuNPs decorated origami in (b) and (d),
respectively. Arrows show the AFM scan directions.
or nanosheet. The particles have a programmable distance between them, and sub-
sequent metallization results into a C-shaped "nano-object" by electroless deposi-
tion of metal ions. The DNA origami nanosheets are designed to have a size of
90 nm × 70 nm, as shown in Figure 4.9 a). For the attachment of the AuNPs, a
total of eight pairs of staple strands have been extended at specic positions on each
DNA origami nanosheet. They were designed as capture strands through their 5′
end to create eight binding sites for capturing AuNPs, see Figures 4.9 b) and c).
The design of the binding sites is done in such a way that the distance from center-
to-center between two neighboring AuNPs binding sites is approximately 16 nm to
form a C-shaped nanowire after metallization, as shown in Figure 4.9 d).
Figure 4.10 a)-d) shows low- and high-magnication AFM height images and
height proles of the origami nanosheets placed on Si/SiO2 substrates before and
after the attachment of AuNPs. The green boxes in Figures 4.10 a) and c) indi-
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cate the magnied nanostructures shown in Figures 4.10 b) and d), respectively.
The green arrows shown in Figures 4.10 b) and d) denote the direction of the scan
along the nanosheet of the cross-section for determining the heights and sizes of each
nanostructure, as shown in the outsets in Figures 4.10 b) and d). The correspond-
ing cross-sectional height-prole of the bare nanosheet is 2 nm. The mean length
and width of the rectangular nanosheet was measured to be 90±2 nm and 70±2 nm,
respectively, for over 100 samples. As seen from the outset in Figure 4.10 d), the
average height of the DNA origami with attached AuNPs was 5 ±0.5 nm.
The production of AuNWs having a low resistance with ohmic behavior strongly
depends on each of the stages of the synthesis as illustrated above in Figure 4.9, in
order to have a continuous and smooth wire. In most of the AFM images, defects,
deformation and pi-pi stacking interactions between the nanosheets (see Appendix-
Figure C.2 a) and b)) were observed. The yield of AuNP attachment, i.e. seed
placement, is highly dependent on the stability and rigidity of the DNA origami
templates deposited on Si/SiO2. Due to mechanical instability and deformations,
the templates tend to bend in such a way that the unfunctionalized side covers those
sides (see Appendix-Figure C.2 c)) having the capture strands hindering the AuNP
attachment during the binding process. To reach a high yield of base-pairing between
binding sites of origami and functionalized AuNPs, which accordingly helps to im-
prove the physical properties of the nanowires, the Mg2+ concentration in the buer,
AuNP concentration and functionalization times (Tinc) should be varied. This AuNP
attachment process was optimized by carrying out several tests on dried samples at
RT in 1×TAE buer having dierent Mg+2 concentrations (20, 50 mM (MgCI2)),
functionalization times (10, 20, 30 min) and molar concentration of 5:1 and 10:1 of
DNA origami nanosheets to AuNPs.
The statistical analysis of the number of AuNPs attached to the DNA origami with
xed binding sites under various experimental conditions, as given above, is shown as
a series of histograms in Figure 4.11 a)d). The data in the histograms were collected
from AFM images for over 900 separate origami nanosheets of several samples. In
Figure 4.11 a), the histogram peaks were found at 6 successful attachments at 50 mM
MgCI2 and 5 nM AuNP concentrations for Tinc = 20 and 30 min. At lower MgCI2
concentration (20 mM), the number of successful attached AuNP increased to 8 for
Tinc = 30 min, as observed in Figure 4.11 b). On Figure 4.11 c), the histogram shows
two peaks at 5 (for 20 min) and 6 (for 30 min) successful attachments at high MgCI2
and AuNP concentrations. If the MgCI2 concentration varies to 20 mM, keeping
AuNP concentration at 10 nM, the number of successfully attached AuNP decreased
to 4 and 5, as shown in Figure 4.11 d). The histograms in Figure 4.11 also show that
there is a low yield of attached AuNPs, for Tinc = 10 min.
An increase of AuNP concentration from 5 to 10 nM does not change the number
of successful attachments. Besides, it results in a very large density of unbound
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background AuNPs and some of these AuNPs form clusters and appear larger than
the physical size of individual AuNPs, as observed from AFM images. AFM images
showed that the unattached sites tend to fold towards the nanoparticle attached sites
of the origami nanosheets, while each AuNP:DNA origami conjugate formed a C-
shaped nanowire for Tinc = 20 min, 20 mM MgCI2 and 5 nM AuNP concentrations, as
seen in Appendix, Figure C.2 c). This explains why these results were not included
in Figure 4.11 f).
In summary, the most likely number of attached AuNPs was 8 and achieved for
a long functionalization time, 30 min, 20 mM MgCI2 concentration in the buer and
a low AuNP concentration, 5 nM. The average attachment probability of AuNP site





Figure 4.11.: Measured AuNP attachments versus expected binomial distributions
(histograms and solid lines, respectively). The average attachment
probabilities of AuNPs site occupation, p, are given for each case.
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Main challenges to be taken into account for particle assembly onto DNA templates
are physical crowding due to neighboring nanoparticles (steric hindrance) [118],
Coulomb interaction of nanoparticles (electrostatic repulsion), and individual nanopar-
ticles bridging various binding sites (site bridging) [69,122125]. Assuming for a while
the absence of these interactions, AuNP attachments are considered as independent





where x, l and p are the number of available binding sites, number of AuNPs at-
tached per origami nanosheet and average probability of AuNPs site occupation,
respectively. These values were obtained from the histograms of the number of at-
tached AuNPs per nanosheet, which have been compiled from the AFM data, to
accomplish the binomial distribution for each experimental condition. Specically,
the average attachment probability for each experimental condition was calculated
using equation (4.1) for the samples and the results are given in Table 4.1. The
solid lines in the histograms in Figure 4.11 show the calculated binomial distribution
following equation (4.2).
Table 4.1.: Control sequences to describe lines and symbols in Figure 4.11 captions.
Label Tinc (min) MgCl2 conc.(mM) AuNP conc.(nM) Prob.
p10−1 10 50 5 0.65
p20−1 20 50 5 0.65
p30−1 30 50 5 0.75
p10−2 10 20 5 0.28
p30−2 30 20 5 0.80
p10−3 10 50 10 0.17
p20−3 20 50 10 0.52
p30−3 30 50 10 0.75
p20−4 10 20 10 0.50
p20−4 20 20 10 0.59
p30−4 30 20 10 0.66
In particular, the average attachment probability was calculated to be 0.80 for
Tinc = 30 min, 20 mM MgCI2 and 5 nM AuNP concentrations. The highest AuNPs
site occupation probability reported in the literature is p = 0.99 for a DNA origami
nanorail (6 × 2 helix bundle) with base-pairing interaction for four capture strands
per binding site [69]. In this work, the origami template was designed with only two
capture strands per binding site and a site spacing of only 16 nm. The low amount
of capture strands and small distance between consecutive sites may increase the im-
pact of steric hindrance and electrostatic repulsion. Overall, these eects elucidate
the low values of the attachment probabilities in Table 4.1. The individual AuNPs
bound to multiple binding sites and tend to aggregate at high concentrations and,
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as a consequence, the origami is exible on Si/SiO2. Thus, unattached sites of the
origami have a tendency to fold onto a non-occupied site and it is dicult to achieve
a C-shaped formation of AuNPs. Therefore, to study the electrical properties of C-
shaped AuNWs templated by DNA origami, this structure was fabricated using the
experimental conditions with the highest probability of AuNPs attachment. Accord-
ing to Table 4.1, these are 20 mM MgCI2 in a buer and 5 nM AuNP concentrations
with Tinc = 30 min.
The C-shape AuNWs were formed after enhancement of the AuNPs using a gold
plating solution. The growth of the AuNPs was controlled by means of 1:1 and
1:2 mixtures of Au plating solution and 20 mM MgCI2 in a 1×TAE buer. These
solutions were dripped onto the AuNP:DNA origami conjugates with dierent incu-
bation times, 2, 7, 14 and 24 min. It was observed that the coalescence of gold on
the AuNPs, which act as nucleation centers, was too sudden when the 1:1 mixture
was used. For instance, as observed by AFM, the 5 nm AuNPs grew up to 10 nm
without any mergence between them after 2 min of incubation time, see in the Ap-
pendix Figure C.3. The AuNPs grew even further up to 10.5 nm and 14 nm when
the incubation time was 7 and 14 min, respectively. Finally, the AuNPs merged to
form C-shaped nanowires after an incubation time of 20 min noticing sporadic tiny
gaps along the wires by SEM in Figure 4.12.
In order to contact individual C-shaped nanowires for electrical transport Au
contacts were patterned by means of EBL on the Si/SiO2 surface using experimental
conditions as previously described in Section 3.7. Two-terminal IV measurements
were completed on 16-17 individual wires which are shown in Figure 4.12 before and
after Au contacting. The measured resistance values at RT including the contact
resistance of gold electrodes were between 2.3 MΩ and 250 GΩ. The resistance values
are given in Figure 4.13.
IV curves of contacted C-shaped wires are given in the Appendix, Figures C.4
and C.5. Contact pads and two out of 16 contacted nanowires in Figure 4.14 a)c).
Two wires were chosen to determine the dependence on temperature of the charge
transport mechanism. For ease of discussion, the nanowires are referred to as NW-1
and NW-2. Figures 4.14 b) and c) show magnied SEM images of Figure 4.14 a)
for NW-1 and NW-2 having two electrodes on each wire with corresponding two-
terminal gold contacts and ready for temperature-dependent IV characterizations
in the voltage range between -30 and 30 mV. Figures 4.14 d) and e) show that both
metallized C-shaped nanowires have an ohmic behavior at RT, and the resistances
were found to be 2.3 MΩ and 1.4 GΩ for NW-1 and NW-2, respectively. In order to
understand the nature of the transport process through each wire, IV sweeps were
performed at dierent temperatures from 4.2 K to RT in the voltage range ±30 mV;
these data are shown in Figures 4.14 d) and e). The resistances were calculated from
the current measurements in the linear regime. It is observed that the electrical
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C-shaped 
wires C-shaped wires between contacts C-shaped wires C-shaped wires between contacts 
Figure 4.12.: SEM images of the 16 C-shaped NW and same wires are in between
Au contacts. Two wires in orange frame were chosen for temperature-
dependent IV measurements. The scale bars are 250 nm for C-shaped
wires and 100 nm for NW with contacts.
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Figure 4.13.: Resistance versus contact to contact distance of the selected 17
nanowires. Star symbols show RT resistances of the selected wires for
temperature-dependent conductace measurement.
resistance increases from 2.3 MΩ (RT) to 107 MΩ (4.2 K) for NW-1 and 1.4 GΩ to
48 GΩ (4.2 K) for NW-2, as shown in Figure 4.15. Non-linear behavior in resistance
was discerned for temperatures below 70 K for NW-1 and below 100 K for NW-2. The
magnied SEM images in the inset Figures in Figure 4.15 demonstrate that NW-1
and NW-2 have dierent morphologies. In particular, NW-1 has densely coalesced
AuNPs due to ne metallization; in contrast, NW-2 has coarse grain boundaries
between merged nanoparticles. These structural dissimilarities between NW-1 and
NW-2 might explain the resistance dierences shown in Figure 4.15. The room
temperature resistances of NW-1 and NW-2 are lower than those of NWs fabricated
on DNA origami nanotubes (with measured resistances of 116 MΩ and 2.8 GΩ at
RT) [33]. The NWs fabricated using DNA origami nanotube templates are 3 times
longer than the NWs reported here but they have similar width [33]. The main reason
of the high resistance values is the occurrence of nm size gaps between coalesced
AuNPs and the appearance of grain boundaries, as seen in high magnication SEM
inset images in Figure 4.15. These intrinsic defects may originate during synthesis
from a low yield of AuNP on DNA nanosheet templates. Figure 4.16 a) shows
a simple band model for electron transport through a barrier region between two





has been plotted as a function of the reciprocal
temperature (T−1). It is observed that the conductance is limited by the activation
energy Ea in the electron transport through NW-1 and NW-2 in the high temperature
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Figure 4.14.: (a) SEM images of electrical contact pads and writing eld with mark-
ers on Si/SiO2 substrates containing the adsorbed AuNWs. Alignment
markers are laid out in a square lattice dene "writing" elds (green
squares) of 8 µm × 8 µm. (b) and (c) Individual C-shaped AuNWs
in between source and drain electrodes. The scale bars are 100 nm.
(d) and (e) Temperature-dependent two-terminal I-V characteristics
of C-shaped wires by applying dened voltage bias from 4.2 K to RT.
range. The activation energies of the wires were acquired from the exponential part of
the conductance based on the t function G ∼ exp −EakBT , where kB is the Boltzmann
constant. At "high" temperatures (180 K to RT for NW-1 and 250 K to RT for NW-2)
and low voltage bias (≤ 30 mV), the conductance strongly depends on temperature
which results on Ea values of 60 meV and 160 meV for NW-1 and NW-2, respectively.
Charge transport is dominated by hopping at this temperature range, as shown in
Figure 4.16 c). At intermediate temperatures, thermionic conduction governs the
charge transport which is associated with the Richardson-Schottky equation (2.9) for
thermionic emission [126]. The RichardsonSchottky model for thermionic emission
for all temperature ranges has been shown in Figure 4.16 d).
The presence of thermionic emission follows from the exponential behavior of the
curves from 15 K to 150 K for NW-1 and from 30 K to 200 K for NW-2, as shown in
Figure 4.16 e). Direct tunneling of the electrons through an energy barrier governs
the electrical conductance at very low temperatures, from 4.2 K to 15 K for NW-1
and from 4.2 K to 30 K for NW-2. In this last temperature range, the measured
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Figure 4.15.: Resistance versus temperature curves of two DNA origamitemplated
Au templated C-shaped nanowires from 4.2 K to RT. SEM images of
the two nanowires can be seen as inset Figures.
conductance is independent of temperature. The charge transport by tunneling only
originates from quantum eects because the energy of the electrons is not sucient
to overcome the barrier height. Particularly, the temperature dependence of the
conductance, shown in Figure 4.16, suggests that the charge carriers must pass a
large potential barrier in NW-1 by hopping and in NW-2 by thermal emission [127].
The resistance of the most insulating wire (15 GΩ) was measured again at increas-
ing applied voltage bias values of 30 mV, 50 mV, 1 V, 2 V, 3 V and 5 V then back
to 30 mV. Afterwards, the measured resistance decreased to 4 GΩ (See Appendix-
Figure C.6). The voltage-induced electric elds probably reduced the gaps along the
wire which normally occurs during the thermal annealing or electro migration [128].
4.3.3. Conclusion
The charge transport study of C-shaped AuNWs with a length below 150 nm is
technically challenging if the wires are randomly distributed on a substrate. Such
studies are shown here by investigating a C-shaped ring in the temperature range of
4.2 to RT (300 K) using a rectangular DNA origami (90 nm× 70 nm) as a template.











Figure 4.16.: (a) Representative diagram of a hopping, thermionic and tunneling
injection processes over the barrier at dierent temperatures. (b) In-
verse temperature dependence of conductance of NW-1 and NW-2. (c)
Hopping mechanism in certain temperature ranges for NW-1 and NW-
2. (d) The RichardsonSchottky model for thermionic emission for all
temperature ranges. (e) Thermally assisted charge transport are in
certain temperature ranges for NW-1 and NW-2.
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tion of bottom-up and top-down methods. This particular shape of the nanowire was
obtained by reduction of a gold plating solution on 8 AuNPs, strategically placed
16 nm apart on the origami surface, up to mergence. The qualities of the synthe-
sized nanowire highly depend on the success of AuNP functionalization and ecient
chemical reduction. A statistical analysis of AFM images of the number of AuNPs
bound to the DNA origami template with respect to the total available sites yielded
the attachment probability for a wide range of experimental conditions. It was found
that the optimal settings resulted to have an attachment probability of 0.80.
SEM images showed dierent morphologies; for instance, one nanowire, NW-1,
had densely merged AuNPs; in contrast, another one, NW-2, had coarse grain bound-
aries between merged AuNPs. Consequently, the electric resistance diers a lot for
NW-1 and NW-2 and increases with temperature from 2.3 MΩ (RT) to 107 MΩ
(4.2 K) and 1.4 GΩ (RT) to 48 GΩ (4.2 K), respectively. The room temperature re-
sistances of NW-1 and NW-2 are lower than those NWs fabricated on DNA origami
nanotubes [33]. Temperature-dependent IV curves showed linear behavior from
RT to 70 K for NW-1 and RT to 100 K for NW-2; they were not linear below these
temperatures. Overall, three electron transport mechanisms were distinguished: tun-
neling at low temperatures, thermionic in the intermediate range, and hopping at
high temperatures, above 150 K for NW-1 and 200 K for NW-2. These ndings
demonstrate that the nanowires, despite their reduced dimensions, are as good in
electrical quality as those previously manufactured, longer straight wires [33].
The success in the production of AuNWs having a low resistance with ohmic
behavior strongly depends on the several stages of the nanowire synthesis. The re-
sults presented in this work suggest that the positioning of metal nanoparticles on
origami nanostructures and their growth and coalescence by metallization methods
might lead to homogeneous and conductive nanowires in a wide range of tempera-
tures [1, 64, 67]. Therefore, instead of surface metallization, it is recommendable to
conne and control the metal growth of seeds within three-dimensional DNA origami
nanostructures having a circular cross-section to reduce gaps and discontinuities dur-
ing coalescence.
4.4. Self-Assembled Gold/Semiconductor/Gold
heterojunctions templated by DNA Nanotube
4.4.1. Introduction
Qdots are very small objects which exhibit unique optical and electrical properties.
These are related to the connement of electron and electron-hole. DNA origami
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objects might be used for the site-directed implementation of Qdots. This kind of
programmable assembly of nanoobjects allows to dene the total number of attach-
ment centers on a structure, the precise tuning of the interparticle distances and the
combination of the dierent nanoparticles [106]. The implementation of metal and
semiconductor nanomaterials into one system, such as semiconductor core-shell Qdot
and AuNPs into DNA origami might provide a direct route for fabricating nanoelec-
tronic and nanophotonic junctions. Qdot-AuNP heterostructures have been already
successfully fabricated by biotin/streptavidin conjugation [129] or colloidal synthe-
sis [130,131]. Following this, periodic assemblies of streptavidin-conjugated Qdots on
biotinylated ss-DNA and 6HB origami have been produced by self-assembly [57,122].
Qdot-DNA architectures have been used as programmable structures for Qdots [132]
and photoactive lms by assembling Qdot-DNA conjugates on TiO2 thin lms [133].
DNA conjugate AuNP-Qdot dimers have been utilized in biological applications as
well, i.e., the dimer structures have been used in targeted cell delivery and MicroR-
NAs imaging [134].
A few years ago our group established 6HB templated assembly of 14 AuNPs to
fabrication of 1D metallic nanowires [33]. Here, a AuNP in the center of 6HB was
swapped out by a Qdot to the formation of Au/Qdot/Au structures for further single
electron transistor applications. To this end, the 6HB was used for arrangements of
DNA-functionalized AuNPs and streptavidin coated Qdots by incorporating bind-
ing sites along the axial direction of the nanotube. 6HB DNA origami nanotubes
(see Subsections 3.2.2 and 3.4.2 for 6HB and Qdot preparation, respectively) with
a designed length of 412 nm and diameters of 6 nm were utilized to assemble 20 nm
CdSe/ZnS core-shell Qdot and 5 nm AuNP into a pre-dened pattern. Thiolated
capture strands and biotin-labeled capture strands are utilized for sequential ar-
rangements of DNA-functionalized AuNPs and streptavidin-conjugated Qdots, re-
spectively.
4.4.2. Results and Discussion
Designing the DNA 6HB Template
The general Qdot assembly strategy in this section is based on the work by Bui et
al. [57], who used streptavidin-biotin interaction to attached Qdot on 6HB. In the pro-
cess Bui et al. described, only the streptavidin coated Qdot have been employed with
dierent attachment sites. Dierent than the monoassembly of Qdots, the integra-
tion of two dierent nanoparticle (AuNPs and Qdot) into a one system was worked.
To this end, DNA 6HB were modied with 28 capturing strands were synthesized to
assemble 13 AuNPs and a streptavidin coated Qdot. In order to attach Qdots on the
DNA 6HB, two of the capturing strands which are located in the center of the 6HB
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origami were labeled with biotin. In total 13 AuNPs were assembled on 6HB, 6 are
on one and 7 on the other side. To this end, 26 capture strands, two sequences per
nanoparticle, were prepared to capture AuNPs. Figure 4.17 a) illustrates a biotiny-
lated 6HB, DNA-functionalized AuNPs and the streptavidin-conjugated Qdot. The
controlled arrangement of AuNPs and Qdot into a linear Au/Qdot/Au heterostruc-
ture is depicted schematically in Figures 4.17 b) and c). Electroless gold deposition
was subsequently used to form gap-free MSM structures, as shown in Figure 4.17 d).
Since the streptavidin-biotin interaction cannot completely constrain the high yield
of attachment, the attachment parameters needs to be tuned. Therefore, to assess
the degree of accomplished Qdot attachments, the several procedures are tested in
the following, the magnesium chloride concentration, the Qdot concentration, incu-
bation medium, time and temperature.
Functionalized DNA Origami
Figure 4.17.: (a) Rough sketch of 6HB with capture strands for AuNP (5 nm) assem-
bly and biotinylated sequences for capturing streptavidin-conjugated
Qdot (20 nm). (b) Sketch showing the binding of Qdot on 6HB. Qdot
is bound prior to AuNP attachment. (c) Self-assembly of 6 AuNPs one
and 7 on the other side of the Qdot. (d) Metal/Semiconductor/Metal





























Figure 4.18.: (a) Yield of Qdot attachment on 6HB in solid-liquid interface with
given Qdot concentration and buer for around 15 min incubation. (b)
Yield of Qdot attachment on 6HB in liquid-liquid interface as function
of Qdot concentration and incubation time.
The Magnesium Chloride and Qdot Concentration
The study from Bui et al. [57] the concentrations of magnesium and Qdot:6HB were
xed 1×TAE 12.5 mM magnesium acetate and 1:200, respectively and they have
changed the binding sites 5 to 29. In the work presented here, the aim to buid MSM
structure with individual Qdot island between AuNPs. Thus, the binding site is
xed one and Qdot need to bounded on the binding sites successfully to reach nal
structure. To this propose, DNA 6HB solution was preloaded on freshly treated SiO2
surface using the procedure described in Subsections 3.2.2 and 3.5.2. Subsequently,
1 µM Qdot solution was diluted down to 0.5, 1, 1.5 and 2 nM in 1×TAE 10 and
20 mM MgCI2 buer solution (20 µl in total) and dropped on the surface for 15 min
incubation. Figure 4.18 a) shows the yield (as percentage) of Qdot attachment in
the centre of 6HB by utilizing 0.5 to 2 nM Qdot concentration and two dierent
buer conditions. The results of each buer condition and Qdot concentrations were
detected by AFM including over 100 separate 6HB origamis. Maximum 60% of the
6HB origamis were functionalized with Qdots being under 2 nM Qdot concentration,
and 10 mM MgCI2 buer. However, AFM images indicate that a large amount of
unattached Qdots are present on the surface. Hence, further AuNP attachment and
utilization of the structures as linear Au-(CdSe/ZnS)-Au heterostructures with these
experimental processes are not possible.
Dierent Qdot concentrations were initially tested with liquid-liquid interface.
To this end, 6HB DNA origamis and Qdots were mixed in a solution. 0.3, 0.5 and
0.75 nM Qdot concentrations (in total volume of 3µl in 1×TAE 10 mM MgCI2 buer)
were mixed with 20 µl 1 nM biotin-labeled 6HB origami in 10×TAE 200 mM MgCI2








Figure 4.19.: (a) Illustrate a streptavidin-conjugated Qdot (left) and a biotinylated
6HB (right). (b) and (c) illustrate that the rst experimental condi-
tion: "Solid-Liquid interface". Qdots are in solution in (b) and DNA
origamis are on the solid (SiO2) surface in (c).
After the incubation process, the solutions deposited on a Si/SiO2 with 1 h incuba-
tion. Figure 4.18 b) shows the resulting percentage of Qdots attached in the center
of 6HB in liquid interface and detected by AFM. The result show that the Qdot
attachment yield can be improved with increased concentration and extended incu-
bation time. Contrary to the rst experimental procedure, liquid based incubation
with relatively low Qdot concentration resulted in a low amount of unbound Qdots
on the surface. We have analysed over 100 separate origamis for each incubation
time and the Qdot concentration using the AFM images.
Incubation Medium, Time and Temperature
These two experimental conditions described above show us that the optimal Qdot
concentrations were found to be 2 nM for the solid-liquid interface and 0.75 nM for
the liquid-liquid interface. Another important result is that incubation time plays
an important role in the determination Qdot attachment. To further asses the Qdot
attachment yield, the experiments with two interfaces were repeated with long incu-
bation time up to 20 h at RT. The experiments were repeated at 4 °C, considering that
long incubation time at the RT could damage the DNA structure or streptavidin-
conjugated Qdot. Additionally, one more interface (solid-solid) was tested.
1. Solid-Liquid interface (illustrated in Figure 4.19): 2 nM Qdot concentration,
and 1×TAE 10 mM MgCI2 buer solution were kept xed when investigating
dierent incubation times and temperatures. Figure 4.22 a) show attachment
yield (%) versus incubation time in solid-liquid interface at RT and 4 °C. It
can be concluded, that the maximum achieved yields are 45% and 53% of 6HB













a) b) c) d)
Figure 4.20.: Schematic representation of Qdot (a) and 6HBs (b) in buer solution.
(c) Mixing two solutions and incubation occurs in solution until the
decided incubation time and solution is deposited on SiO2 in (d).
The number of Qdot-functionalized 6HB increase with the long incubation time
up to 15 h. However, yield decreases at 20 h incubaton. This might means that
long incubation time at RT damages the functionalized site of the 6HB or
streptavidin-conjugated Qdot. 4 °C was chosen to keep 6HB and Qdots stable
during the incubation. Although the experimental condition "Solid-Liquid"
gives 53% attachment yield, AFM images show many unbound background
Qdots with this experimental protocol.
2. Liquid-Liquid interface: 3 µl 0.75 nM Qdot concentration (Figure 4.20 a)) was
mixed with 20 µl 1 nM 6HB origami in 10×TAE 200 mM MgCI2 buer (Fig-
ure 4.20 b)) tested for longer incubation times (from 5min to 20h) and tem-
perature (4 °C and RT) as illustarted in Figure 4.20 c). The highest yield of
Qdot-functionalized 6HB is 75% at RT (15 h), see histograms in Figure 4.22
b).
3. Solid-Solid interface: DNA origami and Qdots are mixed in buer solution and
subsequently deposited on a SiO2 surface. Schematic explanation is given in
Figure 4.21. 0.75 nM nal volume of 3 µl Qdot solution (see Figure 4.21 a)) was
mixed with 20 µl 1 nM biotin-labeled 6HB (see Figure 4.21 b)) and immediately
dropped on Si/SiO2 (see Figure 4.21 c)). 0.75 nM Qdot concentration was
selected because it had the highest yield of Qdot attachment observed in the
second experimental procedure given above (also, see in Figure 4.18 b)). As a
result of this interface, the highest yield of Qdot attachment on 6HB is 28% at
RT and 62% at 4 °C that shown in Figures 4.22 c) for 20 h incubation.
The relatively low attachment yield might indicate that biotin might be conned
inside the 6HB or AFM images show that 6HB origami and streptavidin-biotin in-
teractions are sustainable for a long incubation time. However, short incubation
times at RT give a higher number of Qdot-functionalized 6HB than the same in-
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Figure 4.21.: Schematic representation of Qdot (a) and 6HBs (b) in buer solution.
(c) Mixing two solutions and incubation occurs in solid SiO2 surface
in (d).
cubation time at 4 °C. Longer incubation times at 4 °C give a higher number
of Qdot-functionalized 6HB than the same incubation time at RT. These results de-
pict that streptavidin-conjugated Qdot biotin-labeled 6HB might dissociate at RT
at longer incubation times or streptavidin might separate from possessor Qdot. Suc-
cessful attachment of Qdots on 6HB by streptavidin-biotin interaction was conrmed
with AFM scans on a Si/SiO2, shown in Figure 4.23. To distinguish the attachment of
Qdot or orphan streptavidin on 6HB, AFM scan of 6HB, 6HB with Qdot, unattached
Qdot on SiO2 surface and streptavidin-biotin interaction on 6HB were investigated.
The AFM image shown in Figure 4.23 a) is a typical image of a Qdot-functionalized
6HB. Three selected regions, shown as pale circles, were chosen to display the mor-
phology of Qdot (in inset b) and Figure D.1 in Appendix) and orphan streptavidin
(in inset c)) attached to 6HB and an unattached Qdot. The insets b) and c) are
zoom-outs of the closest pale circles as shown in a). The presence of a Qdot was

























Incubation Time Incubation Time Incubation Time
a) b) c)
Figure 4.22.: Histograms (bars) for the number of functionalized CdSe/ZnS core-shell
quantum dots for 6HB origami with one attachment site. Functional-
ization of Qdot on 6HB was done in (a) mixed (solid-liquid) interface,
(b) liquid-liquid interface and (c) solid-solid interface at RT and 4 °C.
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a) d)
Figure 4.23.: (a) AFM images of a Qdot-functionalized 6HB with one attachment
site. (b) and (c) show Qdot and streptavidin-attached 6HB, respec-
tively. (d) The cross-sectional height prole of 6HB, unattached Qdot,
Qdot and streptavidin-attached 6HB.
AFM images of 6HB features The average height has a lower limit of 1.6±0.4 nm
and an upper limit of 3.2 ± 0.2 nm and the mean length was measured to be 412 ±
12 nm over 200 6HBs. The nanotube length is compatible with the designed struc-
ture. However, the measured height was less than the designed 6HB height. The
TEM image of the 6HB origami shows a height of 7 ± 2 nm [135]. The reason for
the deviation may arise from collapsing of 6HB on a surface due to Van der Waals
interactions and compressive forces caused by the AFM measurement in ambient
conditions [57,136].
AFM images of Qdot attached 6HB features CdSe/ZnS core-shell Qdots with
a diameter of 1520 nm (which is given by the manufacturer's identication) were
utilized as semiconductor islands on 6HB origami. The mean height of the Qdot
attachment site of 6HB was measured as ∼ 8 nm. AFM images were taken on
Si/SiO2, thus, height deviation might be due to Qdot dehydration.
AFM images of free Qdot features AFM height image show that the diameter of a
streptavidin conjugated Qdot is approximately ∼ 6±0.6 nm. However, the diameter
is relatively high, 30 nm. This is probably due to the fact that the AFM tip attens
the Qdot when the tip taps while scanning.
AFM images of an orphan straptavidin on biotinated 6HB features Biotin-labeled
6HB origami might have captured the streptavidin of the Qdot instead of streptavidin-
Qdot pair. Attached orphan straptavidin added approximately 1 nm of biotinylated
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origami height. Xray analyses have shown that the thickness of the streptavidin
crystal is 4.6 nm [137, 138]. All AFM measurements are independent of the imaging
conditions.
Metallization of Gold-Semiconductor Heterostructures
To provide a linear structure Au-(CdSe/ZnS)-Au, biotin-labeled 6HB origamis were
functionalized with streptavidin-conjugated Qdots under the "Liquid-Liquid" exper-
imental condition after 15h incubation. Following, AuNPs were attached on 6HB
origami. The SEM image in Figure 4.24 a) shows a high yield of attachment was
obtained with 35 nM AuNP concentration with 1×TAE 50 mM MgCI2 for 15 min in-
cubation time at RT [70]. The SEM image of an Au-(CdSe/ZnS)-Au heterostructure
is depicted in Figure 4.24 b). The image shows unattached Qdots on the Si/SiO2 sur-
face. The next process is the growth of the AuNPs to form gap-free MSM structure.
AuNPs were enhanced by Au enhancer solution with 1×TAE 20 mM MgCI2 buer.
These solutions were dripped onto the AuNP:DNA origami conjugates with 20 min
incubation time. It was observed that not only the coalescence of gold on the AuNPs,
but also the Qdot is homogeneously grown by Au enhancer solution to ∼ 50 nm in
diameter (Figure D.2). These ndings was explained by the the atomic structure
of the cadmium chalcogenide Qdot, where the larger metal chalcogenide bond en-
thalpy, gold ions are reduced at the Qdot [131]. It is shown in Figure 4.25 before
and after the EBL fabricated gold electrodes were patterned on for further electri-
cal characterization. To encapsulate the Qdot to protect it from Au ions, positively
charged poly(ethyleneglycol)bpoly(Llysine) block copolymers (PEGPLys) were
deposited on heterostructures [139]. Thus, negatively charged 6HB origami and
b)a)
Figure 4.24.: The SEM image of (a) AuNPs-decorated 6HB origami. (b) Au-
(CdSe/ZnS)-Au heterostructure, unattached Qdots can be seen on the
surface. The scale bars are 100 nm. Arrow shows the Qdot on the
center of 6HB.
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CdSe/ZnS were coated with positively charged PEGPLys and the Au enhancer
solution is only worked for the growth of AuNPs. However, further processes are
required for the optimization of the method of PEGPLys encapsulation and electri-
cal characterization of self-assembled MSM heterojunction with a small CdSe/ZnS
island.
Figure 4.25.: SEM images of 6HB DNA origamitemplated Au-(CdSe/ZnS)-Au het-
erostructure after the growth of the AuNPs. Right image shows Au-
(CdSe/ZnS)-Au heterostructure. And the left gure shows that it is in
between the gold electodes. SEM image shows the Qdot in the center
of 6HB is grown as AuNPs.
4.4.3. Conclusion
Functionalized 6HB origamis were designed to attach AuNPs and two capture strands
in the center labeled with biotin to capture streptavidin-conjugated CdSe/ZnS core-
shell Qdot. The Qdot binding was tested in liquid, solid and solid-liquid interfaces
with dierent incubation times, Qdot concentrations and buers to achieve a high
yield of successful binding. 75% of 6HB origamis could be functionalized with Qdot
in liquid interface at RT. Qdot-functionalized structures were further decorated with
AuNPs to produce Au-(CdSe/ZnS)-Au heterostructures. The results indicate a path-
way to the controlled placement of nanoparticles in arbitrary patterns, directing to
self-assembled construction of nanosized electronic devices. However Qdot with a
size of 50 nm were measured after gold enhancement, starting with a 20 nm Qdot. It
might indicate that the semiconductor region is a mixture of metalsemiconductor
with dierent properties.
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5. Conclusion and Future Work
This dissertation reports the versatile utilization of the DNA origami in the eld
of nanoelectronics. Building elements: Single-stranded DNA-functionalized AuNPs,
a semiconductor rod, a streptaividin-coated quantum dot and three dierent DNA
origami templates are utilized into highly adaptable nanostructures for nanoelec-
tronic application. The DNA origami templates with a well-dened shape and size
enable the capture of the nanoparticles into specic arrangements with nanometer
precision for a pre-dened nanoelectronic purpose.
A method to prepare elongated DNA origami nanomoldtemplated Au NWs with
a diameter of 20 - 30 nm and 120 nm to 1 µm in a length was established. It is a
solution-based process. The length and diameter of the metal nanowire is controlled
by the DNA mold structure. DNA origami nanosheettemplated C-shaped gold
nanowires below 150 nm in diameter have been fabricated by site-specic assembly
of functionalized AuNPs on DNA nanosheets. Metallization is not controlled by
origami template in contra to DNA origami nanomoldtemplated AuNW. Electron
beam lithography (EBL) was used to contact DNA origamitemplated gold nanowires
on SiO2 substrate for electrical characterizations. The established method using
EBL provides highly accurate contact fabrication on individual nanowires in small
dimensions.
About 20 DNA moldtemplated AuNWs have been electrically characterized by
two-probe current-voltage measurements. Four wires have been chosen to obtain
temperature-dependent (from room temperature to 4 K) charge transport character-
istics. The charge transport was dominated for two resistive wires by a non-metallic
particle-particle interface. Electrons were transmitted by a hopping mechanism at
all temperature ranges for one of resistive wire. Hopping and tunnelling mechanisms
dominate the charge transport at high and low temperatures for the other resis-
tive wires, respectively. Metal-like conductivity was measured for two of the DNA-
templated gold nanowires. This is remarkable, since only very recently high conduc-
tivities of DNA-templated gold structures were achieved using long gold nanorods
with much fewer interfaces and a surface-based metallization procedure [67].
The DNA origamitemplated C-shaped AuNWs have been constructed as a rst
step in the construction of a metamaterial, split-ring resonator, using a combina-
tion of bottom-up and top-down methods. As a rst step towards the integration
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of DNA origamitemplated C-shaped nanowires as one of the resonator rings charge
transport characteristics of the nanowires have been investigated. The wires show
that resistances are in the megaohm range. The temperature-dependent measure-
ments revealed three electron transport mechanisms: tunnelling at low temperatures,
thermionic in the intermediate range, and hopping at high temperatures. The ori-
gin of the high resistances in the DNA-templated nanowires might be the gaps and
discontinuities between the enhanced gold seeds. To overcome the gaps and discon-
tinuities during the seed growth metallization in/on DNA templates:
1. Conne and control the metal growth of seeds within three-dimensional DNA
origami nanostructures, such as topologically half-closed DNA origami tem-
plates, like DNA origami mold templates,
2. Improve the electroless gold deposition chemicals for metallization,
3. Use of anisotropic rodlike structures instead of circular gold nanoparticles.
These may improve the fabrication of fully metallic, gap free nanowires by using
DNA origami structures.
Particles of dierent, sizes, shapes and materials were used to assemble het-
erostructures for potential nanoelectronic applications. One of the work in this thesis
aims to build a single electron transistor. As the proposed approaches consist of the
assembly of dierent particle types and the use of specically designed DNA origami
templates facilitating the desired congurations, two dierent architectures have been
explored to fabricate a single electron transistor.
In the rst approach, DNA-framed CdS nanorods and Au nanoparticles were
used as building elements in a directional manner of metal/semiconductor/metal
(Au/CdS/Au) junctions applying the DNA origami mold. The structures were built,
all the way up, by self-assembly. Two-terminal electrical characterization of the
Au/CdS/Au heterojunctions showed insulating behavior at low voltage bias. The
drastic dierences of measured conductance at low bias and high bias might be a
signature of the charging energy of the CdS island. The charge transport of the self-
assembled Au/CdS/Au heterostructure might be connected with one of the following
phenomena: Coulomb blockade or breakdown of Schottky barrier.
In the second approach, streptavidin-coated CdSe/ZnS core-shell quantum dots,
DNA-framed AuNPs, and DNA origami 6HB nanotubes have been utilized to ob-
tain similar functional elements. One capture sequence on the centre of 6HB DNA
origami was labelled with biotin to capture a streptavidin framed quantum dot.
The other sequences are designed for AuNP attachment. This enabled the usage of
the streptavidin-coated quantum dots and DNA-framed AuNPs on the same DNA
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origami. To reach a high yield of quantum dot attachment on 6HB, the inuence
of dierent media, temperature, incubation time, buer and quantum dot concen-
tration has been investigated. As a result, a binding eciency of the quantum dots
onto the 6HB origami of 75% has been achieved.
The experimental studies in this dissertation have shown that DNA origami tem-
plates feature a potential for nanoelectronic component fabrication. Moreover, elec-
trical properties of DNA origamitemplated metallic nanowires and hetero-assemblies
are promising for potential applications in metal interconnects or single electron tran-
sistors. The achievements in this dissertation might lead to further studies including
material and device development. Possible future directions are listed below:
1. Improving the conductivity of the obtained wires by increasing the yield from
establishing metallic inter-particle contacts. This might be obtained by im-
proving metal growth chemicals, metal growth procedure, or using rodlike
metal nanoparticles.
2. Using molds with dierent geometries, e.g. dierent diameters, additional
docking sites, junctions and specic interfaces, as well as dierent seeding ma-
terials should enable the fabrication of whole devices including gate electrodes
and even device networks.
3. Investigation of dierent material growth within the DNA origami mold tem-
plates, e.g. semiconducting or magnetic materials.
4. DNAassisted spin selectivity can be investigated using improved structure
associated with DNA origami mold templates. The ds-DNA can be bound
between two mold monomers or dimers, and non-magnetic and magnetic met-
als, for instance Au and Ni, can be grown in DNA molds. The structure, for
instance Ni/ds-DNA/Au, might be promising to investigate the chiral-induced
spin selectivity eect.
5. Arrays of Cshaped wires on SiO2 substrates might be promising metamaterials
in the range of visible light.
6. Metal/Semiconductor/Metal hetero-assembly using DNA origami nanotube
might form a single electron transistor. To this end, a quantum dot needs
to be encapsulated in a proper way, e.g. block copolymer, and whole devices
including gate electrodes should be fabricated.
7. The conductive polymers, such as poly phenylene, may be used for improving
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      TACACTCGCCAACATGTAATTTAGGCAGAGGCATTT TCGAGCCAGTAATAAGAGAATATAAAAACTCCAACAGGTCAGGATTAGAGAGTACCTTTAATT GCTCCTTTTGATAAGAGGTCATTTACACT      
T T A T A T T C T C T T A T T A C T G G C T C G A A A A T G C C T C T G C C T A A A T T A C A T G T T G G C GA A T G A C C T C T T A T C A A A A G G A G C A A T T A A A G G T A C T C T C T A A T C C T G A C C T G T T G G A G T T T
A C G A C A A T A A A C A T A C A C T      T C C A G A C GA A T T C T GG G T A A A G TG G A A G C A G T A C C G A C A A A AA G A C CA G C G A A C CA G C T T C A AT T A A T T C GT C G C G T TT T C A A A T A      T A C A C T A G G A A G C C C G A A A G A C
TGTTTATTGTCGTCGTCTGGACAG AATTACTTTACCTTTTGTCGGTACTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAAC GCGATATTTGAAGTCTTTCGGGCTTCCT
      TACACTACATGTTCAGCTAATGCAGAACGC GCCTGTTTATCAACAATAGATAAGTCCTGAACAAGAAAAATAATATCCTATTATAGTCAGAAG CAAAGCGGATTGCATCAAAAAGATTAAGTACACT      
G A T A T T A T T T T T C T T G T T C A G G A C T T A T C T A T T G T T G A T A A A C A G G C G C G T T C T G C A T T A G C T G A A C A T G TC T T A A T C T T T T T G A T G C A A T C C G C T T T G C T T C T G A C T A T A A T A G
T T C C A A G A A C G G G T A T T A A T A C A C T      C C T T A T C AT G T C T T TT A A T C G G CC C A A T C A AT G T A G A A AT A C G A G C AC T A A T TG T C T T T A C C C T G A C C A T CA A A T C A G      T A C A C T T T C A G A A A A C G A G A A T G A C C A T A A A T C A A
TTAATACCCGTTCTTGGAATGATAAGGAAA GACAGCCGATTATTGATTGGTTTCTACATGCTCGTAAATTAGGATGGTCAGGGTAAAGACCTG ATTTTTGATTTATGGTCATTCTCGTTTTCTGAA
      TACACTACCAAGTACCGCACTCATCGAGAACAAGCA AGCCGTTTTTATTTTCATCGTAGGAGACTGGATAGCGTCCAATACTGCGGAATCGTCATAAAT ATTCATTGAATCCCCCTCAAATGCTTTAAACAGTACACT      
T C C T A C G A T G A A A A T A A A A A C G G C T T G C T T G T T C T C G A T G A G T G C G G T A C T T G G TC T G T T T A A A G C A T T T G A G G G G G A T T C A A T G A A T A T T T A T G A C G A T T C C G C A G T A T T G G A C G C T A T C C A G T C
A G A A G G C T T A T C C T A C A C T      T C A G A T A TA A G C A A AC C A A T A G CG T T T A A T C A T T A C C G C G CT A A A A TG G T A A T A GC C A G A G G GA A G T T T T GG C A A A A GA G G C T T T T      T A C A C T A A A C C A A A A T A G C G A G
GGATAAGCCTTCTATATCTGATTT GCTTGCTATTGGGCGCGGTAATGATTAAACATTTTACTATTACCCCCTCTGGCAAAACTTCTT TTGCAAAAGCCTCTCGCTATTTTGGTTT
      TACACTGGTATTCTAAGAACGCGAGGCGTT TTAGCGAACCTCCCGACTTGCGGGAGGTTTTGAAGCCTTAAATCAAGTAAGAGCAACACTATC ATAACCCTCGTTTACCAGACGACGATAATACACT      
C T T G A T T T A A G G C T T C A A A A C C T C C C G C A A G T C G G G A G G T T C G C T A A A A C G C C T C G C G T T C T T A G A A T A C CT T A T C G T C G T C T G G T A A A C G A G G G T T A T G A T A G T G T T G C T C T T A
A G C G T C T T T C C A G A G C C T A T A C A C T      C G C T A A C GT T A C C A AC C T G A A T CA A T T T T A TC C A G C T A CT T T T G C A CA T T A G T T G C T AT T A C G A G G C A T A GA A A G G A AT A A C G C C A      T A C A C T C A T T C A A C T A A T G C A G A T A C A
TAGGCTCTGGAAAGACGCTCGTTAGCGTTG GTAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTATGCCTCGTAATTC CTTTTGGCGTTATGTATCTGCATTAGTTGAATG
      TACACTATTTGCCAGTTACAAAATAAACAGCCATAT TATTTATCCCAATCCAAATAAGAAATAATAAAACGAACTAACGGAACAACATTATTACAGGTA GAAAGATTCATCAGTTGAGATTTAGGAATACCATACACT      
T T T C T T A T T T G G A T T G G G A T A A A T A A T A T G G C T G T T T A T T T T G T A A C T G G C A A A TT G G T A T T C C T A A A T C T C A A C T G A T G A A T C T T T C T A C C T G T A A T A A T G T T G T T C C G T T A G T T C G T T T T A T T A
C C T T T A C A G A G T A C A C T      A A T A G C A GA A A T G A AA A C G T C A AT T G T T TA A A A T C T A C G T C G A T T T TT G G G A A G AC A G G A C G TG C T C A T T A T A C C A G TA A G A A C T GG C G A T T T T      T A C A C T A A T T A C C T T A T
CTCTGTAAAGGCTGCTATTTTC ATTTTTGACGTTAAACAAAAAATCGACGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAAT GAGCCAGTTCTTAAAATCGCATAAGGTAATT
      TACACTAGAATAACATAAAAACAGGGAA GCGCATTAGACGGGAGAATTAACTGAACACCCTAACACCAGAACGAGTAGTAAATTGGGCTTG AGATGGTTTAATTTCAACTTTAATCATTGTGTACACT      
A G G G T G T T C A G T T A A T T C T C C C G T C T A A T G C G C T T C C C T G T T T T T A T G T T A T T C TC A C A A T G A T T A A A G T T G A A A T T A A A C C A T C T C A A G C C C A A T T T A C T A C T C G T T C T G G T G T T
C C C A C A A G A A T T G A G T T A C A C T      A G A G A T A AG A G C G C T A A T A T C A GG G G T A A T TG T C A G AC C C T G A C G A G A G A A C A A AA A G G C T T GC A G T G A A TG C T C A T TA C A A A G C TT C A A C G T A      T A C A C T A T A T T C A T T A C C C A A A
ACTCAATTCTTGTGGGTTATCTCTCTG ATATTAGCGCTCAATTACCCTCTGACTTTGTTCTCTCGTCAGGGCAAGCCTTATTCACTGAAT GAGCAGCTTTGTTACGTTGATTTGGGTAATGAATAT
      TACACTTAAGCCCAATAATAAGAGCAAGAAACA ATGAAATAGCAATAGCTATCTTACCGAAGCCCTAACGGTGTACAGACCAGGCGCATAGGCTGG CTGACCTTCATCAAGAGTAATCTTGACAAGAACCGGTACACT      
A G G G C T T C G G T A A G A T A G C T A T T G C T A T T T C A T T G T T T C T T G C T C T T A T T A T T G G G C T T AC C G G T T C T T G T C A A G A T T A C T C T T G A T G A A G G T C A G C C A G C C T A T G C G C C T G G T C T G T A C A C C G T T
C C A G A A G G A A A C C G A G G A A T A C A C T      A A A G T T AA G C C G A A CA A G C A G A TA T G T T T T A A G A A A A G TG A G G A C A GC T T T G A A AC T G A C C A AA A C C G A AC A T A A G G G      T A C A C T C G A G G C G C A G A C G G T C A A T
TTCCTCGGTTTCCTTCTGGTAA CTTTGTTCGGCTATCTGCTTACTTTTCTTAAAACATCTGTCCTCTTTCAAAGTTGGTCAGTTC GGTTCCCTTATGATTGACCGTCTGCGCCTCG
      TACACTACGCAATAATAACGGAATACCC AAAAGAACTGGCATGATTAAGACTCCTTATTACGTATCATCGCCTGATAAATTGTGTCGAAAT CCGCGACCTGCTCCATGTTACTTAGCCGGAATACACT      
G T A A T A A G G A G T C T T A A T C A T G C C A G T T C T T T T G G G T A T T C C G T T A T T A T T G C G TT T C C G G C T A A G T A A C A T G G A G C A G G T C G C G G A T T T C G A C A C A A T T T A T C A G G C G A T G A T A C
A C A T A T A A A A G A A A C G T A C A C T      A G G T G G C AT A C A T A AA A A A T A C AA A A C G T A GG A T T T G C A G T A T G T T A G CA A C G G AC A A A G T A CG C G C G A A AA T A C C A AC A G C G A T TT T G A C C C C      T A C A C T A C T A A A A C A C T C A T C T
CGTTTCTTTTATATGTTGCCACCTTTA TGTATGTATTTTCTACGTTTGCTAACATACTGCAAATCTCCGTTGTACTTTGTTTCGCGCTTG GTATAATCGCTGGGGGTCAAAGATGAGTGTTTTAGT
      TACACTCAAAGACACCACGGAATAAGTTTATTT TGTCACAATCAATAGAAAATTCATATGGTTTACAAACGGGTAAAATACGTAATGCCACTACGA AGGCACCAACCTAAAACGAAAGAGGCAAAAGAATACTACACT      
G T A A A C C A T A T G A A T T T T C T A T T G A T T G T G A C A A A A T A A A C T T A T T C C G T G G T G T C T T T GG T A T T C T T T T G C C T C T T T C G T T T T A G G T T G G T G C C T T C G T A G T G G C A T T A C G T A T T T T A C C C G T T T
G A G G G A G G G A A G G T A A A T A T A C A C T      A C C G A T TG A C A T T C AA A A A G G G CA T T C A G C G C C A A A G A CA A G T T T C CT C A T G A G GA G A C T T T TG G A C T A AG G C T T T G A      T A C A C T G G G T A G C A A C G G C T A C A G A
TATTTACCTTCCCTCCCTCAAT CGGTTGAATGTCGCCCTTTTGTCTTTGGCGCTGAATGGAAACTTCCTCATGAAAAAGTCTTTA GTCCTCAAAGCCTCTGTAGCCGTTGCTACCC
      TACACTTTGACGGAAATTATTCATTAAA GGTGAATTATCACCGTCACCGACTTGAGCCATTGAGTTAAAGGCCGCTTTTGCGGGATCGTCA CCCTCAGCAGCGAAAGACAGCATCGGAACGATACACT      
A A T G G C T C A A G T C G G T G A C G G T G A T A A T T C A C C T T T A A T G A A T A A T T T C C G T C A AT C G T T C C G A T G C T G T C T T T C G C T G C T G A G G G T G A C G A T C C C G C A A A A G C G G C C T T T A A C T C
A G C A A G G C C G G A A A C G T A C A C T      T T A C C A T TA G C A C C AT C A C C A G TC A G C A A A AT G C A G G T G G G A A T T A G A G CA G G C TG G T C G C T GA T A T A T T CA T A A C C GG C C C A C G CC A A C C A T C      T A C A C T G C G C C G A C A A T G A C A A
CGTTTCCGGCCTTGCTAATGGTAATGG TGCTACTGGTGATTTTGCTGGCTCTAATTCCCACCTGCAAGCCTCAGCGACCGAATATATCGG TTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGC
      TACACTTCACCAATGAAACCATCGATAGCAGCA CCGTAATCAGTAGCGACAGAATCAAGTTTGCCTTTAATTGTATCGGTTTATCAGCTTGCTTTC GAGGTGAATTTCTTAAACAGCTTGATACCGATAGTTTACACT      
A G G C A A A C T T G A T T C T G T C G C T A C T G A T T A C G G T G C T G C T A T C G A T G G T T T C A T T G G T G AA A C T A T C G G T A T C A A G C T G T T T A A G A A A T T C A C C T C G A A A G C A A G C T G A T A A A C C G A T A C A A T T A A
T C G G T C A T A G C C C C C T T A T T A C A C T      G G C A T T TT T T T C A T CG T A G C G C GC C T T T A G C G T C A G A C TA A A A G G A GA A G G C T C CC C A A A A A AA A A A T C TT C A C G T T G      T A C A C T A T T G C G A A T A A T A A T T T T T
ATAAGGGGGCTATGACCGAAAA TGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGA TTTTCAACGTGAAAAAATTATTATTCGCAAT
      TACACTTAGCGTTTGCCATCTTTTCATA ATCAAAATCACCGGAACCAGAGCCACCACCGGATTTTGCTAAACAACTTTCAACAGTTTCAGC GGAGTGAGAATAGAAAGGAACAACTAAAGGATACACT      
T C C G G T G G T G G C T C T G G T T C C G G T G A T T T T G A T T A T G A A A A G A T G G C A A A C G C T AT C C T T T A G T T G T T C C T T T C T A T T C T C A C T C C G C T G A A A C T G T T G A A A G T T G T T T A G C A A A A
A G C C A C C A C C C T C A G A T A C A C T      A C C C T C A GA A C C G C CA C C C T C A GG A G C C G C CA T G G G A A C C G C C T C C C T C AT C T G TA T G A A T T TG T T A G T A AT C C A G A CG T C G T C T TA A A G T T T T      T A C A C T G T T A G C G T A A C G A T C T
TCTGAGGGTGGTGGCTCTGAGGGTGGC GGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCCATACAGAAAATTCATTTACTAACGTC TGGAAAGACGACAAAACTTTAGATCGTTACGCTAAC
      TACACTGCCGCCACCAGAACCACCACCAGAGCC GCCGCCAGCATTGACAGGAGGTTGAGGCAGGTCGTAACACTGAGTTTCGTCACCAGTACAAAC TACAACGCCTGTAGCATTCCACAGACAGCCCTCATATACACT      
G A C C T G C C T C A A C C T C C T G T C A A T G C T G G C G G C G G C T C T G G T G G T G G T T C T G G T G G C G G CT A T G A G G G C T G T C T G T G G A A T G C T A C A G G C G T T G T A G T T T G T A C T G G T G A C G A A A C T C A G T G T T A C
A G C C A G A A T G G T A C A C T      C T C A T T A AA T A A A T CA C A A A C A AT G A T A T T CA C C A G A C G A T T G G C C TA C C C A T G TC A A T A G G AA G C A A G C CC A G G G A TC T C A T T T T      T A C A C T C A C C C T C A G A G C C A C C A C C
CCATTCTGGCTTTAATGAGGAT TTATTTGTTTGTGAATATCAAGGCCAATCGTCTGGTACATGGGTTCCTATTGGGCTTGCTATC CCTGAAAATGAGGGTGGTGGCTCTGAGGGTG
      TACACTAAAGCGCAGTCTCTGAATTTAC CGTTCCAGTAAGCGTCATACATGGCTTTTGATGGTATCACCGTACTCAGGAGGTTTAGTACCG CCACCCTCAGAACCGCCACCCTCAGAACCGCTACACT      
C A T C A A A A G C C A T G T A T G A C G C T T A C T G G A A C G G T A A A T T C A G A G A C T G C G C T T TG C G G T T C T G A G G G T G G C G G T T C T G A G G G T G G C G G T A C T A A A C C T C C T G A G T A C G G T G A T A C
T G A G T A A C A G T G C C C G T A C A C T      C A G T G C C TA C G G G G TC T G G T A A T A A G T T T T AC C G G A A T A G G T A T A C A G G A G T G T AA G T A T A G CT T G A T A T A      T A C A C T A C C A G G C G G A T A A G T G C C G T C G A G A G G G
CGGGCACTGTTACTCAAGGCACTGACC CCGTTAAAACTTATTACCAGTACACTCCTGTATACCTATTCCGGGCTATACTTATATCAACCC TCTCGACGGCACTTATCCGCCTGGT
      TACACTTATAAACAGTTAATGCCCCCTGCCTAT TTCGGAACCTATTATTCTGAAACATGAAAGTATTAAGAGGCTGAGACTCCTCAAGAGAAGGAT TAGGATTAGCGGGGTTTTGCTCAGTTACACT      
A C T G A G C A A A A C C C C G C T A A T C C T A A T C C T T C T C T T G A G G A G T C T C A G C C T C T T A A T A C T T T C A T G T T T C A G A A T A A T A G G T T C C G A A A T A G G C A G G G G G C A T T A A C T G T T T A T A
A A A A A A A A A A A A A A A






































Figure A.1.: Design template for the DNA origami mold. Shown is the detailed se-
quence and folding of the 7560 nt scaold (blue) and the various staples
(other colors) used to create the structure. Staples in yellow repre-
sent the capture strands that carry 15 nt 3′polyadenine overhangs for
attaching the DNA-coated AuNP seeds. Red and green circles mark
the positions where the 11nt single-stranded staple ends extrude that





















Figure A.2.: EBL dened contacts have been not well-dened and the gold structure
has been fabricated.
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Figure A.3.: The limited resolution of SEM imaging on the SiO2 substrate did not
allow to resolve residual gaps within the wire that blocked the conduc-
tivity.
118
Figure A.4.: (a,b) Curves for conductive wires CW1 and CW2 that were measured
by applying a dened current. (c,d) Curves for the more resistive wires
RW1 and RW2 that were measured by applying a dened voltage
bias.
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Figure A.5.: Conductance measurements between dierent contacts of the structure
containing CW1. Shown are an SEM image of the wire with the four
contacts, the V I curve of CW1 measured between contacts 12 (mea-
sured by applying a current) and the IV curve of the wire measured
between contacts 34 (measured by applying a voltage bias). The latter
indicates an insulating behavior of the wire between contacts 34. A
similar behavior was found between contacts 23.
120
B. Conductance measurements on
Gold/Semiconductor/Gold
heterojunctions templated by DNA
Nanomolds
121

































Figure B.1.: ln (J) versus ln(V) plot of the Au/CdS/Au from (a) 0 to 0.2 V and (a)
0 to−0.2 V. Slope is 1.14 and 1.1 in forward and reverse voltage sides,
respectively.
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C. Supplement for C-shaped Gold
Nanowires Templated by DNA
Nanosheet
Figure C.1.: Schematic diagram of a DNA origami nanosheet. M13mp18 single-
stranded DNA is indicated by black dashes, numbered staple strands
are given dierent colors. The sequences of the staple strands are listed
in following Table.
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Table C.1.: Sequences for the tall rectangle (bridged seam). Staple strand sequences
for the normal tall rectangle origami, also called nanosheet.










































Table C.1.: Sequences for the tall rectangle (Cont.)











































Table C.1.: Sequences for the tall rectangle (Cont.)











































Table C.1.: Sequences for the tall rectangle (Cont.)











































Table C.1.: Sequences for the tall rectangle (Cont.)











































Table C.1.: Sequences for the tall rectangle (Cont.)























Figure C.2.: AFM height images of (a) a bare DNA origami and (b)  (c) AuNP
decorated DNA origami nanosheets laid out on a SiO2 surface. Defects,
deformations, pipi stacking interactions between adjacent nanosheeets
were observed in some samples before and after the AuNP attachment
process, as shown in gures (a) and (b), which may hinder the high
yield of AuNP attachment. Defects are highlighted by green arrows
on gure (b). In gure (c), some nanosheets are observed to be folded.
This unfunctionalized side covers the surface which contains the capture
strands hindering the AuNP attachment during the hybridization. The
scale bars are 500 nm.
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Figure C.3.: Control of AuNP growth with dierent incubation times with diluted
solution containing buer.
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Figure C.4.: IV characterization of some contacted very resistive wires. They were
measured at RT in a high vacuum in the dark. The resistance values
shown in gure 4.13 were obtained from linear ts from −10 to 10 mV.
SEM imaging revealed 13 nm gaps between the contact points leading
to high resistance of wires.
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Figure C.5.: IV characterization of some contacted resistive wires. They were mea-
sured at RT in a high vacuum in the dark. Resistance values shown
gure 4.13 were obtained from linear ts from −10 to 10 mV.
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Figure C.6.: (a) SEM image of C-shaped wire between two electrodes. (b) IV
curves of as-fabricated wire (triangles) and after applied dierent bias
voltages up to 5 V on same wire (squares) in 0-30 mV applied voltage
range. The resistance of the insulating wire is 15 GΩ at 30 mV was
measured at increasing applied voltage bias 30 mV, 50 mV, 1 V, 2 V,
3 V and 5 V then 30 mV again.
136
D. Supplement for heterojunctions
templated by DNA Nanotube
Figure D.1.: 3D image of Qdot-functionalized 6HB.
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Figure D.2.: AFM images show (a) CdSe/ZnS core shell Qdots on Si/SiO2 and (b)
Qdot grown with gold enhancer solution.
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